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Referat:
Aus physikalischer Sicht sind Zellen aktive weiche Materie, die sich durch sta¨ndige Um-
wandlung chemischer Energie in einem thermodynamischen Zustand fernab vom Gleich-
gewicht befindet. In vielen physiologisch wichtigen Zusammenha¨ngen mu¨ssen Zellen
Kra¨fte auf einer La¨ngenskala ihrer eigenen Gro¨ße generieren. Bisher ist diese Kraftent-
wicklung meist adha¨sionsabha¨ngigen Prozessen zugeschrieben worden. Die hier vorge-
legte Arbeit zeigt erstmals, dass Zellkontraktionen unabha¨ngig von Adha¨sionen in einzel-
nen suspendierten Zellen auftreten ko¨nnen.
Die mechanischen Eigenschaften der Epitelzellline HEK293 wurde dazu mit Hilfe des
Optical Stretchers, einer Zweistrahl-Laserfalle, gemessen. Um den Einfluss des wichtigen
sekunda¨ren Botenstoffs Ca2+ auf Zellkontraktionen zu untersuchen, wurden Zellen ver-
wendet, die mit dem temperaturabha¨ngigen TRPV1-Ionenkanal transfiziert sind. Tempe-
raturmessungen im Optical Stretcher und Fluoreszenzmessungen der Ca2+-Konzentration
zeigten, dass die Wa¨rmeentwicklung wa¨hrend der Messung ausreicht, um einen massiven
Ca2+-Einstrom durch den Kanal auszulo¨sen. Durch verschiedene Chemikalien ko¨nnen der
Kanal blockiert oder die Ca2+-Signalausbreitung in der Zelle beeinflusst werden, sodass
die HEK293-TRPV1-Zellen ein ideales Modellsystem fu¨r die Untersuchung des Einflus-
ses von Ca2+-Signalen auf die Biomechanik von suspendierten Einzelzellen darstellen.
Durch Integration von aktiven Kontraktionen in die fundamentale Materialgleichung
fu¨r linear-viscoelastische Stoffe konnte ein pha¨nomenologisches mathematisches Modell
entwickelt werden, das erlaubt, aktive Zellen zu identifizieren und die Kontraktionen zu
quantifizieren. Mit Hilfe des Modells wurde festgestellt, dass in vielen Fa¨llen auch das
Deformationsverhalten von Zellen, welches augenscheinlich durch passive Ausdehnung
beschrieben werden konnte, durch aktive Kra¨fte der Zellen beeinflusst war. Es zeigte sich
außerdem, dass bei den gemessenen Zellen die Schiefe und die Mediane der Verformungs-
verteilungen von der Aktivita¨t abhingen.
Die Ergebnisse dieser Dissertation zeigen, dass aktive Prozesse einen essentiellen Teil
der Zellmechanik darstellen und dass Zellen unabha¨ngig von Adha¨sionen kontrahieren
ko¨nnen. Das entwickelte pha¨nomenologische mathematische Modell beruht nicht auf An-
nahmen zu den krafterzeugenden Prozessen, sodass es fu¨r die Untersuchung des Ein-
flusses verschiedener Faktoren auf Zellkontraktionen verwendet werden kann. Insgesamt
stellen die Ergebnisse und Methoden einen bedeutenden Beitrag zur Verbesserung der
mechanischen Klassifizierung von Zellen dar und ko¨nnen somit helfen, zuku¨nftige For-
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From a physical perspective biological cells consist of active soft matter that exist in a
thermodynamic state far from equilibrium. Not only in muscles but also during cell pro-
liferation, wound healing, embryonic development, and many other physiological tasks,
generation of forces on the scale of whole cells is required. To date, cellular contractions
have been ascribed to adhesion dependent processes such as myosin driven stress fiber
formation and the development of focal adhesion complexes. In this thesis it is shown
for the first time that contractions can occur independently of focal adhesions in single
suspended cells.
To measure mechanical properties of suspended cells the Optical Stretcher – a dual-
beam laser trap – was used with phase contrast video microscopy which allowed to extract
the deformation of the cell for every single frame. For fluorescence imaging confocal
laser scanning microscopy was employed. The ratio of the fluorescence of a tempera-
ture sensitive and a temperature insensitive rhodamine dye was utilized to determine the
temperatures inside the optical trap during and after Optical Stretching. The rise in tem-
perature at a measuring power of 0.7W turned out to be enough to open a temperature
sensitive ion channel transfected into an epithelial cell line. In this way a massive Ca2+
influx was triggered during the Optical Stretcher experiment. A new setup combining
Optical Stretching and confocal laser scanning microscopy allowed fluorescence imaging
of these Ca2+ signals while the cells were deformed by optically induced surface forces,
showing that the Ca2+ influx could be manipulated with adequate drugs. This model sys-
tem was then employed to investigate the influence of Ca2+ on the observed contractions,
revealing that they are partially triggered by Ca2+.
A phenomenological mathematical model based on the fundamental constitutive equa-
tion for linear viscoelastic materials extended by a term accounting for active contractions
allowed to quantify the activity of the measured cells. The skewness and the median of
the strain distributions were shown to depend on the activity of the cells. The introduced
model reveals that even in measurements, that seemingly are describable by passive vis-
coelasticity, active contractililty might be superimposed. Ignoring this effect will lead to
erroneous material properties and misinterpretation of the data.
Taken together, the findings presented in this thesis demonstrate that active processes
are an essential part of cellular mechanics and cells can contract even independently of
adhesions. The results provide a method that allows to quantify active contractions of
suspended cells. As the proposed model is not based on specific assumptions on force
generating processes, it paves the way for a thorough investigation of different influences,
such as cytoskeletal structures and intra-cellular signaling processes, to cellular contrac-
tions. The results present an important contribution for better mechanical classification of




µOS microfluidic Optical Stretcher.








CfIB Ca2+-free imaging buffer.
CHO Chinese hamster ovary cells.
CI confidence interval.
CIB Ca2+ imaging buffer.
CICR Ca2+ induced Ca2+ release.
CLSM confocal laser scanning microscope.
CW continuous wave.
DMSO dimethyl sulfoxide.




ELTM external laser tracking microrheology.
F-actin filamentous actin.
fps frames per second.
GFP green fluorescent protein.
GLMT generalized Lorenz-Mie theory.
HEK293 human embryonic kidney cells.
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Notation Description
HEK293-TRPV1 HEK293 cells transfected with the TRPV1 chan-
nel.
HEK293-wt HEK293 wild type cells.
IF intermediate filament.
ILTM internal laser tracking microrheology.





MLCK myosin light-chain kinase.
MLCP myosin light-chain phospotase.
MT microtubule.




PBS phosphate buffer saline solution.
PMCA plasma membrane Ca2+ ATPase.
RBC red blood cell.
RO ray-optics.
ROCK rho-associated protein kinase.
RuR ruthenium red.
SAC stretch-activated Ca2+ channel.
SERCA smooth endoplasmic reticular Ca2+ ATPase.
SGR soft-glassy rheology.
TPM two-point microrheology.
TRPM7 transient receptor potential cation channel sub-
family M member 7.
TRPV1 transient receptor potential cation channel sub-
family vanilloid member 1.
UAR uniaxial rheometry.




Br radial component of magnetic field.
D0 diffusion coefficient.
Er radial component of electric field.
E energy.
FG geometric factor, accounting for the geometry of
the trapped cell.
Fsurface force acting on the cell surface.




G∗(ω) complex shear modulus.
G shear modulus.
Imax maximal light intensity.
J(t) creep compliance.
P power.
Q(t) relaxance of a material.
R reflection coefficient.
T temperature.
Θ Heaviside step function.
α α ∈ R, arbitrary factor.
σ¯(s) Laplace transform of σ(t).
β1,2 power-law exponents.
ǫ permitivity of the medium.
η viscosity.
γi j strain tensor.
γ strain.
λ wave length of the laser light.
〈A˜〉 time-averaged Maxwell stress tensor.
S functional (e.g. of strain).
p Wilcoxon rank sum test probability value.
L Laplace transform.
µm permeability of the medium.
µ Poisson ratio.
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Notation Description
ω angular frequency.
φ angle to the beam axis.
σ0 peak stress during Optical Stretching.
σi j symmetric stress tensor.
σ stress (scalar).
τ past or historic time.
̟0 mode field diameter.







eφ unit vector of the polar angle.
eθ unit vector of the azimuth angle.
er unit vector in radial direction.
n unit normal vector.
v velocity.
I˜ unit tensor.
am m ∈ N, fit parameter related to stress.
a radius of the particle.
bn n ∈ N, fit parameter related to strain.
c speed of light in vacuum.
h estimated thickness of the actin cortex.
kB Bolzmann constant.
lp persistence length.
ni refractive index of medium i.
p1 momentum of incoming light (in medium n1).
p2 momentum of transmitted light (in medium n2).
pphoton momentum of a photon.
pr momentum transfer due to reflection.
p momentum.
q q > 0, q ∈ R, integration constant.
r2 correlation parameter providing information
about the quality of the fit.
r0 outer radius of elastic thick shell, outer radius of
the cell.
r1 inner radius of elastic thick shell.
s complex variable in the Laplace transform plane.
t0 start time of stretching power application.
t1 end time of stretching power application.
t time.
v velocity.
w radial deformation of the cell.
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z0 Rayleigh length.
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Chapter 1
Introduction
A soft material that is driven out of equilibrium by local dissipation of energy is called
active soft matter [Marchetti et al., 2012]. Nature provides a large variety of such systems
with dimensions reaching from molecular-sized processes propelled by Brownian motor-
like mechanisms [Astumian and Ha¨nggi, 2002], to collective motion of micro-organisms
such as Dictyostelium discoideum [Rappel et al., 1999], and up to macroscopic length
scales as in schools of fish, flocks of birds, or herds of cattle [Marchetti et al., 2012;
Parrish and Edelstein-Keshet, 1999; Toner et al., 2005].
Due to its importance for the understanding of a variety of systems from biology and
physics as well as possible applications in engineering of new materials with interesting
properties, active soft matter has become an emerging field of research. Vibrated granular
materials show collective motion [Aranson and Tsimring, 2006; Deseigne et al., 2010] as
well as persistent and long range – so called “giant” – number fluctuations [Narayan et al.,
2007]. Similar number fluctuations [Zhang et al., 2010] and collectivity [Sokolov et al.,
2007] have been observed in bacteria which can be considered self-propelled polar micro-
particles. Artificial swimmers on micrometer scale have been realized by sticking mag-
netic flexible filaments, made of DNA connected colloidal magnetic beads, to red blood
cells (RBCs) and driving them by external magnetic fields [Dreyfus et al., 2005]. Bio-
logical membrane fluctuation is driven by non-thermal forces caused by light harvesting
proteins or adenosine triphosphate (ATP) hydrolysis [Lin et al., 2006]. Motile processes
in the cytoskeleton, a network of flexible, semi-flexible, and stiff polymers underneath
the cell membrane, are induced by filament polymerization and molecular motors un-
der the consumption of chemical energy from ATP [Cai et al., 2006; Ridley et al., 2003;
Vicente-Manzanares et al., 2009]. While the understanding of processes in active soft
matter has been greatly enhanced by the development of excellent models [Ju¨licher et al.,
2007; Marchetti et al., 2012; Vicsek et al., 1995] the complexity of some of these systems
still presents the scientific community with an exciting challenge.
Motor driven cross-linked actin networks have become a focus in investigations of
active soft matter as they provide valuable information about the mechanisms responsible
for mechanical properties of cells [Bendix et al., 2008; Koenderink et al., 2009]. Theoreti-
cal considerations and measurements in reconstituted systems clearly show that formation
of tensile forces can enhance non-linearities, such as stress stiffening, by orders of magni-
tude in an ATP dependent manner [MacKintosh and Levine, 2008; Mizuno et al., 2007].
Simulations and effective-medium theories indicate that motor induced contractility has
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a great influence on the stability of such networks and the non-linearities in response to
deformations [Broedersz et al., 2011; M. Sheinman, 2012]. These findings suggest that
cells can use motor proteins to tune their mechanical properties and to adapt to the re-
quirements of individual physiological tasks as well as to mechanical properties of their
environment.
Also, from a biological perspective the mechanisms of cellular contractions are highly
interesting. For many physiologically relevant processes and diseases contractility plays
an important role. In wound healing, contractions of epithelial cells close small injuries
[Bement et al., 1993; Tamada et al., 2007]. Traction forces in fibroblasts influence steering
and directional persistence in cell migration [Beningo et al., 2006; Lo et al., 2004]. The
ability to contract has been shown to correlate with metastatic aggressiveness of cancer
cells [Jonas et al., 2011; Mierke et al., 2008] opening perspectives for new strategies in
cancer diagnostics and therapy [Fritsch et al., 2010].
Numerous studies have investigated contractile forces in cells. On the molecular level
inside the cytoskeleton, random stress fluctuations caused by intra-cellular force gener-
ators were observed with two-point microrheology [Lau et al., 2003]. Traction force
microscopy allowed the measuring of forces exerted via focal adhesion complexes to
deformable gels with very good spacial resolution [Munevar et al., 2001; Wang et al.,
2001a]. Contractions on the length scale of whole cells were observed by the help of
microplate rheology. Large deformations led to contractile forces within several tenth of
minutes [Thoumine and Ott, 1997]. When the flexible microplates were held at a constant
elongation by a feedback mechanism, traction forces generated within several hundreds
of seconds [Mitrossilis et al., 2009]. These forces arouse during the spreading of cells and
were accompanied by formation of actin stress fibers as a response to substrate stiffness
[Mitrossilis et al., 2009].
Contractile forces on the length scale of the cell, as measured by traction force mi-
croscopy or microplate rheology, have, to date, been associated with adhesion dependent
processes, such as stress fiber formations and building of focal adhesion complexes. It was
quite surprising when it was recently reported that several suspended cells, i.e. without
direct involvement of adhesion sites, exhibited pronounced contractions when subjected
to an externally applied outward pulling stress. Contractions of that type have been seen
occasionally for a few isolated cancer cells [Fritsch et al., 2010] and for epithelial cells
[Gyger et al., 2012]. They happened within seconds and led to visible shortening of the
round cells parallel and in opposite direction to the applied forces.
Aim of this thesis was to investigate the contractile behavior of single suspended cells
and to elucidate the influence of the second messenger Ca2+ on their mechanical prop-
erties. To this end, an epithelial cell line was measured with the microfluidic Optical
Stretcher (µOS), a two beam laser trap that enables to investigate single cells in suspen-
sion. The cells are transfected with a temperature sensitive ion channel, that opens at
temperatures above 40 ◦C, which are reached in the µOS due to the laser induced heating
during the measurement. By a combination of fluorescence Ca2+ imaging in the confocal
laser scanning microscope (CLSM) and the µOS it was shown that the µOS triggers a
massive Ca2+ influx into the cells. This Ca2+ influx can be inhibited and manipulated with
adequate drugs. Hence, these cells provide an excellent model system for the investiga-
tion of the effect of the second messenger Ca2+ on cellular mechanics. The study revealed
that Ca2+ triggers part of the observed contractions.
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To quantify the contractility of the cells, a phenomenological mathematical model
was developed based on the general constitutive equation for linear viscoelastic materi-
als [Tschoegl, 1989], which was evaluated up to first order in stress and second order
in strain [Park and Schapery, 1999]. Cellular force generation was included in the ap-
proach in linear approximation. This simple model turned out to provide a powerful tool
for the investigation of the observed contractions. The view was not biased by a priori
assumptions on force generating mechanisms, nevertheless, the model permitted a quan-
tification of active contractions in the cells. It furthermore displayed a superposition of
contributions to cellular strain under external stress from passive elongation and from
active contractions even for measurements that seem to be describable by passive vis-
coelastic approaches. Ignoring these findings might lead to inaccurate material constants
and misinterpretations of rheological data. Active processes are quintessential for cellular
mechanics even in the absence of direct connections to neighboring cells or substrate ad-
hesions. In the light of the ongoing investigation of active soft matter as well as from the
point of view of biomedical applications these findings provide an important contribution
to a better understanding of cellular processes.
Structure of the Document
In Chap. 2 the biological and physical fundamentals, that are necessary to understand the
measurements and theoretical approaches in this thesis, are presented. Chap. 3 provides
detailed information about the applied techniques and the various materials that were used
to perform the experiments. In the “results chapter” (Chap. 4) firstly the derivation of the
phenomenological model used to quantify the measured strain data is shown. Secondly,
the measurements of the temperature dynamics during a measurement in the µOS are
explained, and thirdly the results obtained by a combination of Ca2+ imaging and Optical
Stretching are presented. The last part of this chapter treats the main results of this work,
namely, that single suspended cells could be shown to perform active contractions against
the externally applied forces in the µOS. It will be demonstrated that this process is, at
least in part, influenced by the second messenger Ca2+. In Chap. 5, the results will be
discussed in detail and put into the context of the current state of scientific knowledge
presented earlier in Chap. 2. The thesis closes with the conclusions that can be drawn from
the presented experiments and an outlook on interesting ideas how future investigations





It is widely accepted that the mechanical properties of biological cells are mainly deter-
mined by the cytoskeleton, cytoskeletal cross-linkers and motor proteins [Lodish, 2000].
Many of the tasks a cell has to fulfill require active processes. “Active” means that the
mechanisms are performed under the consumption of energy. For most active processes
this energy is provided by the cellular “fuel” ATP. Hence, cells are active soft matter far
from thermodynamic equilibrium [Cates and MacKintosh, 2011]. Active processes, such
as exertion of forces via focal adhesions [Munevar et al., 2001; Pelham and Wang, 1999;
Ridley et al., 2003], reaction to changes in mechanical properties of the environment [Lo
et al., 2000; Yeung et al., 2005], cell migration [Friedl and Gilmour, 2009; Ridley et al.,
2003; Wei et al., 2009], and actin treadmilling in lamellipodia [Mogilner and Keren, 2009;
Ridley et al., 2003] require a tight regulation of force generation in the cytoskeleton. The
underlying mechanisms and processes are currently matter of vital investigations. The
following sections are meant to give the reader the background knowledge necessary to
understand the presented experimental results. A detailed introduction into the field can
be found in excellent textbooks by Lodish [Lodish, 2000], and Pollard et al. [Pollard and
Earnshow, 2002].
2.1.1 The Cytoskeleton
The cytoskeleton consists of three main components: microtubules (MTs), actin filaments,
also called microfilaments (MFs), and intermediate filaments (IFs) [Pollard and Earnshow,
2002]. The stiffness of these protein filaments can be characterized by the persistence
length, i.e. the characteristic length at which motions of one end of the filament start to
be uncorrelated with that of the other end [Doi and Edwards, 1986]. In the light of the
physics of active soft matter, discussed in Sec. 2.2, the cytoskeletal filaments MTs and
MFs are important for the mechanical properties of cells. The role of IFs in this context
remains elusive, nevertheless, they are included here for completeness.
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Figure 2.1: Cytoskeletal Components. A) Microtubules (MTs) visualized with
GFP-tubulin (green). They span large regions of the cytoplasm and are, despite their
high stiffness, often bent. B) Actin microfilaments (MFs) stained with rhodaminated-
phalloidin (green-yellow). They build tensile stress fibers. The blue staining marks
the cell nuclei. C) Intermediate filaments (IFs) stained with antibodies to vimentin
(red). Image reproduced with permission of J Cell Sci from [Ingber, 2003].
StiffMicrotubules
Microtubules (MTs) are organized by a star-like MT-organizing center also called centro-
some [Alberts et al., 2002]. They play an important role in cell division where they build
a mitotic spindle that is necessary to segregate the chromosomes.
It has been shown that the persistence length of MTs depends on the filament length
and reaches from several hundreds to several thousands of micrometers [Taute et al., 2008,
2010]. Cells typically have diameters on the order of tenth of micrometers, thus, MTs pro-
vide a very stiff structure. MTs are the main candidate for forming a load bearing structure
resisting contractile forces of other cytoskeletal components [Wang et al., 2001b]. Con-
structions of this type are called tensegrity structures and will be discussed in Sec. 2.2.2.
MTs can be disrupted in vivo and in vitro by nanomolar concentrations of nocodazole
[Vasquez et al., 1997]. Also colchicine has been reported to depolymerize MTs [Wang
et al., 2001b]. In contrast, the anti-cancer drug taxol, also called paclitaxel, is used to
stabilize them [Torres and Horwitz, 1998].
Semi-Flexible Actin Microfilaments
Actin is the most abundant protein in the majority of eukaryotic cells and the gens en-
coding for it show an astonishing degree of sequence conservation. In the skeletal muscle
isoform of chickens and humans non of the residues differs. This means that actin has
been conserved over an evolutionary distance of more than 300 million years [Galkin
et al., 2012]. Filamentous actin has a persistence length of approximately 7 µm, which is
in the range of the filament length [Alberts et al., 2002]; MFs are hence considered semi-
flexible. The actin cortex underneath the cell membrane is believed to be responsible for
most part of the mechanical properties of the cell [Wottawah et al., 2005a,b].
For the investigation of the functions of MFs various stabilizing and destabilizing
drugs are available: latrunculin B, cytochalasin D [Wakatsuki et al., 2001], and latrunculin
A [Morton et al., 2000] destabilize MFs. Jasplakinolide stabilizes MFs in vitro, however,
it can disrupt actin filaments and induce polymerization of monomeric actin when applied
in living cells [Bubb et al., 2000].
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Flexible Intermediate Filaments
Intermediate filaments (IFs) are a class of flexible filaments with a persistence length
ranging from a few hundreds to roughly over 1 µm [Wagner et al., 2007]. The persistence
length of IFs varies between the different types, e.g. for neurofilaments it has been deter-
mined to lp ≈ 0.2 µm and lp ≈ 0.5 µm. The filament length of IFs is much larger than their
persistence length, therefore, they are considered flexible polymers.
The term “intermediate filaments” originates from the fact that their average diameter
of 10 nm is between that of MT with 24 nm and that of MF which is 7 nm [Lodish, 2000].
Their main role is believed to be a structural support of the cells. IFs are found in almost
all cells, but the occurrence of the different types is specific to the cell function [Lodish,
2000]. The most widespread class, the nuclear laminins, reinforces the inner nuclear en-
velope [Pollard and Earnshow, 2002]. Other types are vimentin that provide integrity to a
number of cells, keratins, which are mainly found in skin cells, and neurofilaments sup-
porting the axonal structures in nerve cells. IFs do not show treadmilling (see Sec. 2.1.2
for an explication of treadmilling) as they do not depolymerize under physiological con-
ditions once polymerized [Zackroff and Goldman, 1979].
While MTs and MFs break at high strains, rheological measurements on IFs, such as
vimentin, show that they are easily deformable at small strains and strain harden when
highly deformed [Janmey et al., 1991]. Their ability to withstand large deformation with-
out rupturing suggests that an important function of IFs is to prevent excessive stretching
[Pollard and Earnshow, 2002].
2.1.2 Cellular Force Generation
Forces play a fundamental role in many biological and biochemical processes on vari-
ous length scales. They can have an important influence on biochemical reactions, pro-
tein folding and enzymatic catalysis [Bustamante et al., 2004]. On cellular length scale,
forces can be generated in the cytoskeleton mainly by motor activity [Vicente-Manzanares
et al., 2009], polymerization [Mogilner and Oster, 2003] and depolymerization processes
[Sun et al., 2010]. These force generation concepts will be discussed here to provide the
background knowledge for the results on cellular contractions of single suspended cells
presented in Sec. 4.3.
The most obvious example showing that cells generate forces are muscle cells, for
example during contractions of skeletal muscles, in cardiac muscles [Alberts et al., 2002],
and rhythmically contracting arterial smooth muscle cells [Haddock and Hill, 2005]. Also
in a variety of non-muscle cells, force production is a vital feature for physiologically
relevant processes: motile cells move through tissue or on other substrates during cell
migration [Friedl and Gilmour, 2009; Ridley et al., 2003; Wei et al., 2009]. Epithelial
contractions play a role in embryonic development [Jacinto et al., 2000; Martin et al.,
2009] and wound healing [Bement et al., 1993; Tamada et al., 2007], and mechanical
probing of the environment is believed to play a crucial role in nerve growth [Franze
et al., 2009; Lu et al., 2006]. There are indications that tumor progression and formation
of metastases is interrelated with the ability of tissue cells to actively contract [Fritsch
et al., 2010; Jonas et al., 2011; Mierke et al., 2008]. A better understanding of contractile
mechanisms might, hence, pave the way for new approaches in cancer diagnostics and
therapy as well as stimulation of nerve regeneration.
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Brownian Motors
In physiological temperatures systems of the size of proteins are dominated by thermal
noise. To understand the working principles of cellular force generation it is instructive to
consider the concept of Brownian motors, a physical principle that explains how directed
motion and force can be generated under these conditions.
The diffusion of a particle of radius a is governed by the Stokes-Einstein relation
D0 =
kBT
6π ηa , where D0 is the diffusion coefficient, kB the Boltzmann constant, T the abso-
lute temperature and η the viscosity of the medium [Einstein, 1905, 1906]. For a freely
moving, self propelling particle with velocity v and radius a the time to travel its own
diameter in distance is 2a/v. If one takes, for instance, the average velocity of myosin V
motors, which is approximately 500 nm/s [Pierobon et al., 2009], and a cargo particle of
a diameter of 100 nm, this time is 0.2 s. In 3 dimensions, the average distance a particle




6D0 av . Ap-
proximating the viscosity inside the cytoplasm by the value that has been measured with
gold nanoparticles, ηcytosol ≈ 2·10−2 Pa · s [Leduc et al., 2011], and assuming a temperature
of 37 ◦C inside the cell, the particle would move roughly 500 nm in 0.2 s due to Brownian
motion. This distance is five times larger than the value resulting from a directed motion.
According to the second law of thermodynamics Brownian motion cannot lead to a
directed motion on its own, however, with the help of energy transfer provided by exter-
nal fluctuations or a release of chemical energy, directed motion can be generated from
random thermal fluctuations [Astumian, 1997].
One example how a Brownian motor can be driven against an external force by switch-
ing on and off a saw-tooth potential is shown in Fig. 2.2. When the potential is on, the
particles locate in the well. When the potential is off, the particles move according to the
external force and diffuse due to thermal noise, spreading the distribution. Switching the
potential on again, more particles have moved the smaller distance to the nearer, higher
well than down the larger distance to the lower well. It is important to mention that the
thermodynamic requirements are fulfilled because the switching of the potential provides
energy to the system [Astumian and Ha¨nggi, 2002]. Other effects, such as switching
from hot to cold temperatures [Ha¨nggi et al., 2005] or a release from chemical energy
for instance by ATP hydrolysis [Astumian and Bier, 1996], can produce similar directed
motion. The latter effect constitutes the basis for molecular motors and polymerization
driven force generation that will be discussed in the next section.
Molecular Motors
In biological organisms molecular motors are proteins that convert chemical energy, e.g.
stored in ATP, into mechanical motion using the mechanisms of Browning motors. These
proteins carry out a diverse number of different tasks such as muscle contraction, cellular
motion, transport of organelles and vesicles, generation of ion gradients, or protein folding
and unfolding [Bustamante et al., 2004].
The known cytoskeletal motors act on specific proteins of the cytoskeleton and mainly
serve to transport load or produce forces that transduce to the length scale of whole
cells. MTs have two families of associated motor proteins, kinesins and dyneins whereas
myosins are the only known motors that process MFs [Sackmann and Merkel, 2010]. To
date, there are no known motors specifically processing IFs.
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Figure 2.2: Working Principle of Brownian Motors. When switching off the saw-
tooth potential, particles diffuse in both directions due to random noise, also against
external force. Switching the potential on again traps a larger part in the nearer poten-
tial well with higher energy than in the well with lower potential energy, that is further
away, resulting in an average motion against the external force. Image reprinted with
permission from [Astumian and Ha¨nggi, 2002]. Copyright 2002, American Institute
of Physics.
Kinesins are motors with only one head forming processive dimers by super-coiling
their tails. Most of the members of the kinesine family move towards the (+) end of
the directed MTs. Dyneins form dimeric processive motors that move towards the (−)
end of MTs. The main purpose of these two motor proteins is the coordinated transport
of vesicles and other load through the cell [Sackmann and Merkel, 2010]. Kinesins and
dyneins also play an important role in equal segregation of chromosomes between two
daughter cells during mitosis [Haraguchi et al., 2006; Pfarr et al., 1990].
To date more than 17 different members of the myosin family have been identified.
The most important are myosin I, II and V. [Sackmann and Merkel, 2010]. Myosins
consist of either one or two head domains with the ATP binding site and an actin binding
site bound to a myosin light-chain (MLC) lever arm. Most myosins have a coiled coil
domain ending in a cargo binding domain [Syamaladevi et al., 2012]. Fig 2.3 shows a
schematic view of a myosin motor.
The first member of the myosin family that has been identified is the muscle myosin II
which is responsible for contractions of skeletal muscle [Cooper, 2000]. By now it is
known that different types of myosins fulfill a large variety of tasks. Organelles are trans-
ported along MFs by myosin V [Alberts et al., 2002]. Non-muscle myosin IIA is involved
in traction force generation and drives retrograde flow in fibroblasts [Cai et al., 2006].
Myosin IIB was shown to regulate directional stability and coordination of traction forces
rather than propulsion [Lo et al., 2004]. Myosin II is also essential for the retrograde flow
in neuronal growth cones [Medeiros et al., 2006].
Reconstituted systems consisting of actin filaments, cross-linkers, and active myosin
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Figure 2.3: Structure of Myosin Motors. Most myosins consist of a head domain
with one or two actin binding head groups, a neck domain where myosin light-chains
(MLCs) are located, and a coiled tail domain. The regulatory light chains have to
be phosporylated to activate the myosin. Image from [Mahn et al., 2010] adapted by
permission from BMJ Publishing Group Limited.
motors allow to reproduce non-linear effects, e.g. stress stiffening [Mizuno et al., 2007]
and contractions [Bendix et al., 2008] known from measurements in cells. Also, theo-
retical approaches based on the a priori assumption that motors produce forces in the
considered networks are able to explain macroscopic contractions [Liverpool et al., 2009]
and stress stiffening [MacKintosh and Levine, 2008].
Polymerization Forces
Polymerization of MTs or MFs under the consumption of ATP can lead to considerable
force generation. The mechanism is known as thermal or Brownian ratchet [Mogilner and
Oster, 2003] which is a realization of a Brownian motor as described above. Thermal
fluctuations can create a space between the end of a filament and an obstacle. At typical
physiological temperatures this space can be large enough to allow amonomer to enter and
to bind under ATP consumption to the filament’s end. The grown filament then prevents
the obstacle from fluctuating back, effectively pushing it forward. The consumption of
chemical energy in this process allows to produce a directed force.
In the case of actin this process at the growing (+) end is accompanied by statistically
governed depolymerization at the (−) end. The average filament length is constant and the
whole system is moving towards of the (+) end. This process is called treadmilling. The
concerted action of a large number of treadmilling MFs can push the cell membrane and
form protrusions during cell migration [Mogilner and Keren, 2009; Ridley et al., 2003].
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Depolymerization Forces
Depolymerization of cytoskeletal filaments can lead directly to a considerable amount of
force. This has been shown e.g. for Ca2+ inducedMTs depolymerization [Grishchuk et al.,
2005; Molodtsov et al., 2007].
On the other hand, depolymerization can lead to a motor independent a contraction of
a polymer network [Sun et al., 2010]. The cross-linked cytoskeletal network reaches an
equilibrium density if contributions to the free energy that favor expansion and contribu-
tions leading to compression are balanced. Enthalpic contributions of attractive interac-
tions provide contractile forces while entropic effects lead to spreading of the material. If
in this situation the filament density is reduced by depolymerization, the system shrinks
to re-establish its equilibrium density. Provided that monomers are able to diffuse away,
the system contracts [Sun et al., 2010].
Depolymerization processes can also cause contractions indirectly. In the tensegrity
model MTs provide the load bearing structures that resist the cellular pre-stress, which is
caused by myosin contractility [Ingber, 1997; Wang et al., 2001b]. Depolymerization of
MTs shifts the force balance towards the contractile acto-myosin complexes leading to a
shrinkage of the whole structure.
2.1.3 Ca2+ Signaling and Imaging
In Sec. 4.3.2 results of the effect of Ca2+ on contractions of single suspended cells will
be presented. The following sections serve to provide an overview of relevant knowledge
on Ca2+ signaling. For a more detailed view on the broad field of Ca2+ signaling see for
example [Clapham, 2007].
Calcium is one of the most important second messengers in cellular signaling
[Berridge et al., 2000]. It controls numerous physiologically relevant processes. The
fertilization process in most species is accompanied by a Ca2+ wave released from inter-
nal stores which seems to be important in activating the egg [Whitaker, 2006]. During
embryonic development a series of Ca2+ signaling events occurs, each at a very special
time and location, such that each of the signals is very specific and different from the
previous [Whitaker, 2006]. These signals are essential for pattern formation and organo-
genesis. During an action potential in a nerve cell the Ca2+ level is elevated rapidly,
highly localized to the vicinity of a few opened voltage dependent Ca2+ channels. This
event triggers the release of neurotransmitters [Neher and Sakaba, 2008]. The Ca2+ ele-
vation relaxes very fast after the action potential. Fish epithelial keratocytes that move in
fibroblast-like manner steer their motion by activation of stretch-activated Ca2+ channels
(SACs) [Lee et al., 1999]. Ca2+ flickering seems to steer fibroblasts during migration by
activation of the SAC TRPM71 [Wei et al., 2009]. It has been known since the late 1940s
that Ca2+ signaling is necessary for triggering of contractions in muscle cells [Heilbrunn
and Wiercinski, 1947].
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Figure 2.4: Ca2+ Signaling. A) A resting cell maintains a cytoplasmic Ca2+ con-
centration of ∼100 nM creating a ∼ 20,000 fold gradient across the plasma mem-
brane. Various pumps (plasma membrane Ca2+ ATPase (PMCA), smooth endo-
plasmic reticular Ca2+ ATPase (SERCA)) and ion exchangers (Na+/Ca2+ exchanger
(NCX), Na+/Ca2+-K+ exchanger (NCKX)) extrude Ca2+ ions from the cytosol to the
extra-cellular space or into intra-cellular stores creating this enormous difference in
concentration. B) Various processes can lead to a calcium signal with concentrations
in the µM range that can last milliseconds to minutes and can act very locally, flood
the whole cytoplasm or travel in waves to neighboring cells. Small Ca2+ influxes can
also trigger Ca2+ release from internal stores, so-called Ca2+ induced Ca2+ release
(CICR), amplifying the signal. Image reprinted from [Clapham, 2007] Copyright
(2007), with permission from Elsevier.
Ca2+ Extrusion and Influx
A resting cell maintains a very low cytoplasmic Ca2+ concentration (∼100 nM) creating
a ∼20,000 fold concentration gradient across the plasma membrane [Clapham, 2007].
This difference in concentration is achieved by the action of a number of pumps, e.g.
plasma membrane Ca2+ ATPase (PMCA) and smooth endoplasmic reticular Ca2+ ATPase
(SERCA), that hydrolyze adenosine triphosphate (ATP) to remove Ca2+ ions from the cy-
tosol. Additionally, ion exchangers such as Na+/Ca2+ exchanger (NCX) and Na+/Ca2+-K+
exchanger (NCKX) use the transport of Na+ and K+ ions to remove Ca2+ from the cy-
tosol. The Ca2+ is either moved to the extra-cellular space or transported into internal
Ca2+ stores. See Fig. 2.4A for an illustration of these processes.
Various stimuli can lead to a Ca2+ influx into the cell (Fig. 2.4B). Ca2+ can act locally
in so-called flickers [Wei et al., 2009] or sparks [Haddock and Hill, 2005; Iribe et al.,
2009] or propagate through a whole cell in waves [Wray, 2007]. In some cases these
Ca2+ waves travel to neighboring cells via gap junctions [Sanderson and Dirksen, 1986;
Sanderson et al., 1990]. Ca2+ itself can induce a stronger Ca2+ signal due to the release
from internal stores, amplifying the signal. This so-called CICR has been shown e.g. for
1transient receptor potential cation channel subfamily M member 7 (TRPM7)
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transfected human embryonic kidney cells (HEK293) [Gromada et al., 1995].
The Ca2+ Measuring Toolbox
A large part of the current knowledge about Ca2+ could be achieved due to the develop-
ment of suitable indicators and chelators for intra-cellular Ca2+ measurements. Initiated
by Tsien and co-workers in the 1980s [Minta et al., 1989; Tsien, 1980, 1981; Tsien et al.,
1982] the toolbox for imaging and manipulation of Ca2+ signals has steadily grown. The
low resting Ca2+ concentration allows the use of high affinity dyes that become fluorescent
as soon as Ca2+ ions bind to it.
In the early 1980s Roger Tsien presented the acetoxymethyl ester (AM-ester) method
for loading of Ca2+ dyes and chelators into biological cells [Tsien, 1981; Tsien et al.,
1982]. This construction facilitates dye loading: the cells have to be incubated with the
AM-ester of the dye, the dye diffuses freely through the membrane and gets de-esterified
by unspecific esterases within the cell. The activated dye is a polar molecule that cannot
diffuse out of the cell anymore. By now there are many different chemical Ca2+ indicators
available, each with specific properties, advantages and disadvantages. A review can be
found in [Paredes et al., 2008].
The possibility to choose appropriate dyes meeting the requirements of specific exper-
iments from a great variety of chemical Ca2+ indicators [Gee et al., 2000; Paredes et al.,
2008] has led to a great progression in understanding of intra-cellular Ca2+ signaling. The
possibility to genetically encode indicators specifically addressing cellular compartments
or for performing long term measurements [Demaurex, 2005; Palmer and Tsien, 2006]
allowed new approaches of research on this important second messenger.
In measurements of the kinetics of Ca2+ signals with the use of Ca2+ binding dyes,
care has to be taken when choosing the experimental conditions. The dyes bind Ca2+ tran-
siently which means they act as a chelator such as the non-fluorescent molecules EGTA2
and BAPTA3 on the basis of which most of the currently available dyes are developed.
The Ca2+/dye complex is larger and hence diffuses slower inside the cytoplasm than a free
Ca2+ ion does [Neher, 1995].
Non-fluorescent chelators, such as BAPTA and EGTA, can be used to manipulate the
Ca2+ signaling inside the cell [Tsien, 1980]. They bind the free intra-cellular calcium
competitively with other binding molecules and therefore lower the concentration of the
free Ca2+ in the cytosol. If Ca2+ influx is maintained, these chelators increase the overall
intra-cellular concentration of Ca2+ as the ions are hindered to diffuse to the extrusion
molecules, such as pumps and ion exchangers. As a consequence, the rate of Ca2+ ex-
trusion decreases. In combination with a fluorescent dye this Ca2+ increase can be made
visible [Gyger et al., 2011].
2.1.4 Ca2+ in Cellular Contractions
In view of the ubiquitous appearance of Ca2+ in cellular signal transduction it is stands
to reason to investigate its involvement in controlling contractile behavior of cells. Con-




Ca2+ concentration throughout the cell [Karaki et al., 1997; Sanders, 2001]. This has been
shown, e.g. for spontaneous oscillations in the tone of blood vessels [Haddock and Hill,
2005] and smooth muscle contractions in the uterus [Wray, 2007]. Also in non-muscle
cells contractions have been observed to be controlled by Ca2+. Rolling of detached sheets
of cultured epithelial cells depends on elevation of intra-cellular Ca2+ [Lee and Auersperg,
1980] and Ca2+ induces contractions in cultured confluent monolayers of epithelial cells
[Joshi et al., 2010]. Traction force microscopy of fish keratocytes revealed an 2-6 fold
increase in traction forces 4 s after a Ca2+ transient [Doyle and Lee, 2002].
These are only a few examples of many observations where Ca2+ is associated with
contractions in various cell types. In the following, some mechanisms how Ca2+ regulates
cellular contractions will be presented.
Myosin Activation and Calcium
The focus of many studies investigating cellular contractions has been on myosin mo-
tors [Bendix et al., 2008; Beningo et al., 2006; Liverpool et al., 2009; Wysolmerski and
Lagunoff, 1990]. The main activation pathway of myosin in smooth muscles [Haddock
and Hill, 2005; Karaki et al., 1997;Wray, 2007] and non-muscular cells [Kollmannsberger
et al., 2011; Wysolmerski and Lagunoff, 1990] is known to be Ca2+ dependent: Ca2+ binds
to calmodulin (CaM), inducing a conformational change and forming a Ca2+/calmodulin
(Ca-CaM) complex. Ca-CaM activates myosin light-chain kinase (MLCK) which is then
able to phosphorilate the MLC of the myosin motors. The myosin motor is activated and
a power stroke happens under hydrolysis of one ATP exerting a force on the bound actin
filament. A schematic view can be seen in Fig. 2.5.
Figure 2.5: Calcium Pathway of Myosin Activation. Calmodulin (CaM) under-
goes a conformational change upon Ca2+ binding. The Ca2+/calmodulin (Ca-CaM)
complex can activate myosin light-chain kinase (MLCK) that in turn phosphorylates
the myosin light-chain (MLC) of myosin. The myosin power-stroke happens under
ATP hydrolysis, leading to a force exerted on bound actin. Images of CaM, Ca-CaM
and MLCK from RCSB Protein Data Base. CaM (PDB ID code 1CFD) [Kuboniwa
et al., 1995], Ca-CaM (PDB ID code 3CLN) [Babu et al., 1988] and MLCK (PDB ID
code 2X4F) [Muniz et al., unpublished].
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On the other hand, activated myosin light-chain phospotase (MLCP) is able to dephos-
phorylate the regulatory light chain. As the activation of myosin motors depends on this
phosphorylation, the average activation of myosin in cells or cellular regions can be reg-
ulated by the ratio of active MLCK and MLCP [Fukata et al., 2001; Somlyo and Somlyo,
2003]. Various agonists can influence the Ca2+ sensitivity of this process [Fukata et al.,
2001; Somlyo and Somlyo, 2003].
Myosin can also be activated via the Ca2+ independent rho-associated protein kinase
(ROCK) pathway. Ca2+ independent deactivation of MLCP via rho activation can enhance
the myosin phosphorylation [Essler et al., 1998]. There is also evidence for direct regu-
latory light chain phosphorylation by ROCK. Thus, ROCK both deactivates MLCP and
activates MLCK resulting in myosin activation. An example for this process is the stress
fiber activation in the central region of adherent fibroblasts [Totsukawa et al., 2000]. In
the Ca2+ independent rho/rho-kinase pathway the level of MLC phosphorylation is mod-
ulated by inhibition of myosin phosphatase. In smooth muscle cells rho/rho-kinase also
contributes to agonist induced Ca2+-sensitization [Fukata et al., 2001]. Traction forces
in fibroblasts are mainly regulated by the Ca2+ independent rho pathway [Beningo et al.,
2006]. The Ca2+ dependent pathway via MLCK activation did not affect the traction force
generation in this study.
The Ca2+ dependent myosin activation pathway can be inhibited by a drug called
ML-74. It blocks the MLCK and therefore interrupts the signaling cascade [Makishima
et al., 1991]. Ca2+ independent blocking specific for non-muscular myosin II can be
reached by Blebbistatin which lowers the affinity of myosin to bind to actin by forming a
complex with the actin heads [Kova´cs et al., 2004].
Ca2+ Influence on Polymerization and Depolymerization in the Cytoskeleton
Actin polymerization and depolymerization in cells are highly regulated by a number
of different mechanisms. Proteins of the villin superfamily, such as villin, gelsolin, and
severin, are Ca2+-regulated actin-modifying proteins [Kumar et al., 2004; Larson et al.,
2005; Walsh et al., 1984]. While villin and gelsolin inhibit actin depolymerization at low
Ca2+ concentrations [Larson et al., 2005; Walsh et al., 1984], villin has been shown to
depolymerize actin filaments at higher Ca2+ concentrations [Kumar et al., 2004; Walsh
et al., 1984]. This Ca2+ induced actin depolymerization could in turn lead to contractions
of the cell as described in Sec. 2.1.2.
MTs could be shown to depolymerize when exposed to free Ca2+ [Salmon and Segall,
1980]. Additionally, depolymerization of MTs induced by Ca2+ was shown to produce a
considerable amount of force [Grishchuk et al., 2005; Molodtsov et al., 2007].
BAPTA is a highly selective Ca2+ buffer more stable under pH fluctuations in the phys-
iological range than EGTA where it is derived from [Tsien, 1980]. There are indications
that the use of high concentrations of BAPTA-tetrakis(acetoxymethyl ester) (BAPTA,AM)
(50 µM for 1h) disassembles MFs and MTs in the cytoskeleton [Saoudi et al., 2004].
Whether this effect is caused by Ca2+ depletion or other side effects has, however, not
been investigated. The effect of Ca2+ on contractions caused by depolymerization of cy-
toskeletal filaments has hitherto not been in focus of investigations.
41-(5-iodonaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine (ML-7)
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2.1.5 The TRPV1 Channel
For the investigation of the influence of signaling modern genetics provides powerful
tools. Proteins involved in cell signaling, such as ion channels, can be genetically trans-
fected allowing to trigger controlled perturbations of these cells. In this work HEK293
cells transfected with the transient receptor potential cation channel subfamily vanilloid
member 1 (TRPV1) were used in the µOS to study the influence of Ca2+ on the mechan-
ics of single suspended cells. The section will outline background information on the ion
channel.
The TRPV1, previously also called vanilloid receptor 1 (VR1), has been studied in-
tensively (see [Caterina, 2007; Caterina and Julius, 2001; Nilius et al., 2007] for reviews).
The TRPV1 channel belongs to the family of temperature-activated transient receptor po-
tential ion channels. It is slightly selective for Ca2+ over other extra-cellular cations with
a permeability sequence of Ca2+ > Mg2+ > Na+ ≈ K+ ≈ Cs+ [Caterina et al., 1997].
TRPV1 is expressed mostly in nociceptive neurons (trigeminal and dorsal root sensory
ganglia) predominating in a subset of neurons with small diameters [Caterina et al., 1997]
and contributes to the detection of acute painful thermal and chemical stimuli [Caterina
et al., 2000; Davis et al., 2000]. Its involvement in the pathogenesis of several diseases
makes the channel interesting as a possible target for drug treatment [Nilius et al., 2007].
Examples are bladder disease [Birder, 2005], thermal hyperalgesia [Davis et al., 2000],
and pain in general, e.g. tooth pain [Park et al., 2006].
The TRPV1 channels are heat sensitive having the largest open probability at temper-
atures above 42 ◦C [Caterina et al., 1997]. If transfected into other cells the exact opening
temperature seems to vary slightly with the cell type. The temperature threshold for open-
ing of TRPV1 channels has been estimated to be 42.6 ± 0.38 ◦C for TRPV1 transfected
Chinese hamster ovary cells (CHO) and 42.0 ± 0.6 ◦C for cultured dorsal root ganglion
neurons (DRG) cells [Savidge et al., 2001]. A reduction in the pH of the surrounding
liquid, for instance during inflammatory responses, leads to a decrease in the opening
temperature of the channel, which can lead to an activation even at normal physiologi-
cal temperatures [Tominaga et al., 1998]. At tooth pain this phenomenon is well known:
while hot beverages lead to unsupportable pain reactions, cooling the aching tooth reduces
the pain immediately [Park et al., 2006].
Another well-known activator of TRPV1 is capsaicin, the pungent vanilloid compound
in hot chili peppers [Caterina et al., 1997; Tominaga et al., 1998]. This interrelation
explains why we experience spicy chili with a sensation of heat. The body also reacts
with temperature reducing mechanisms, for example sweating. Subcutaneous injection of
1mg/kg capsaicin into TRPV1 expressing mice led to a reduction in body temperature of
6 ◦C that needed 2 hours to recover [Caterina et al., 2000]. TRPV1 null mutant mice did
not show this reaction at all.
With continued exposure to heat or capsaicin the TRPV1 desensitizes, depending on
extra-cellular Ca2+. Desensitization blocks the capsaicin response of the TRPV1 channels
in polymodal rat native nociceptive neurons of isolated skin-nerves leaving heat response
unchanged [St. Pierre et al., 2009]. In transfected HEK293 cells also the response to heat
could be shown to desensitize during stimulus application [Caterina et al., 1997]. The
desensitization response of the channel and its involvement in pain detection makes it a
target in medical strategies, e.g. by treatment with capsaicin [Nilius et al., 2007].
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The water soluble dye ruthenium red (RuR) is a potent blocker of all TRPV channel
family members [Caterina et al., 1997; St. Pierre et al., 2009; Tominaga et al., 1998].
10 µM RuR blocks heat and capsaicin evoked Ca2+ influx through TRPV1 channels in
transfected CHO cells and cultured DRG neurons [Savidge et al., 2001]. This concen-
tration reduces the inward current through the TRPV1 channels by 90% [Caterina et al.,
1999].
2.2 Physics of Active and Passive Biological Matter
Biological cells proliferate and migrate, they exert traction forces, and show contractile
behavior in many physiologically relevant processes. All this happens under the consump-
tion of energy, hence, from a physical point of view cells are active soft matter [Cates and
MacKintosh, 2011]. In this chapter an overview of approaches for physical descriptions
of this complicated material will be given. To build a baseline for the understanding of
the descriptive model derived in Sec. 4.4, the classical viscoelasticity theory will be in-
troduced. This theory is intrinsically a passive description of soft matter. Thereafter the
tensegrity model, which is a top-down model, that allows a more mechanistic view of
cellular mechanics, will be explained. Thirdly, phenomenological observations, such as
non-linear stress-strain behavior, will be discussed together with phenomenological ap-
proaches to quantify them. Finally, a selection of bottom-up theories is presented.
2.2.1 Classical Viscoelasticity Theory
For a more detailed discussion of this topic the reader is recommended to refer to
[Tschoegl, 1989]. Here, a brief overview will be given summarizing the derivations that
are necessary to understand the descriptive model including active contractions upon op-
tical stretching which is presented in section 4.4.
Linear Viscoelastic Response
In general, the symmetric stress tensor σi j depends not only on the current state of the
strain tensor γi j of a viscoelastic material but also on the history of the strain function.
Therefore, the stress becomes a functional S of strain. (For the stress-dependence of the
strain an equivalent formulation holds true, the focus here is on the strain-dependence of
stress. The reader may refer to [Tschoegl, 1989] for the inverse):








where τ is the past or historic time; the notation indicates that τ runs from −∞ to t, which
is the present time.
The material is called linear viscoelastic if this functional fulfills the following two
conditions. First, an increase by an arbitrary factor α of the stimulus must result in a
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= ασi j . (2.2)
The second requirement is that the sum of the effects of an arbitrary sequence of stimuli




















where t − τ is the elapsed time. To call a material linear it must, hence, fulfill a linearity
condition with respect to stress and strain and with respect to time dependence, the latter
condition can also be interpreted as time shift invariance. For most materials these con-
ditions are fulfilled as long as the strain remains under the so-called linear viscoelastic
limit.
Resulting from the above mentioned conditions the general equation linking time de-














This is one form of the general constitutive equation for a linear viscoelastic material.
The equivalent integral reformulation of Eq. 2.4 was first stated by Boltzmann. It
shows that the requirement of linearity results in an principle of superposition, it is there-




Q(t − τ)γ(τ)dτ . (2.5)
This means that the stress at a time t is the linear superposition of all previously applied
strains weighted by the function Q(t), which is called relaxance of the material, represent-
ing the response of a material to a unit impulse of strain. These relatively complicated
convolution integrals lead to simple multiplications if Laplace transformations L are ap-
plied.
For a stress consisting of the sum of an infinite number of step stresses, as it is the case
for almost all physically relevant situations, one can introduce the relaxation modulusG(t)
via the relaxance by:

















As mentioned above the formulation for the strain γ(t) is analogous; introduction of the
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Phenomenological Description: Mechanical Models
The behavior of a linear viscoelastic medium under the action of stress (or equivalently
strain) can be mimicked by a combination of springs (purely linear elastic elements) and
dash-pots (purely linear dissipative elements). It has to be stated that this description does
not give any insight into the underlying molecular or supra-molecular processes and is
completely phenomenological. The mechanical models describing the observed behav-
ior are in general not unique but can be achieved by a variety of different combinations
leading to equivalent results.
For mechanical model diagrams d’Alembert’s principle finds application. This is in
analogy to electric circuit diagrams where Kirchhoff’s voltage law is valid. The strain for
parallelly combined elements is the same and hence the stresses are additive, in a serial
combination the stress acting on the elements is the same and the strain is additive.
For the simple case of a purely elastic material one obtains for the stress-strain relation:
σ = Gγ or σ¯(s) = G γ¯(s) , (2.9)
where G is the relaxation modulus introduced in Eq. 2.6. For the purely elastic case the
stress is time independent. The dash refers to the Laplace transform with the (complex)




or σ¯(s) = η sγ¯(s) , (2.10)
The parallel combination of a spring and a dash-pot, often referred to as a Voigt or
Kelvin-Voigt unit, first introduced by O. Meyer [Meyer, 1874] and reintroduced by W.
Voigt [Voigt, 1892], leads to the equation:
σ¯(s) = (G + ηs)γ¯(s) . (2.11)
Retransformation gives:




While this model is not an adequate constitutive equation for viscoelastic materials, as it
cannot describe stress relaxation, it provides an important building block for more accu-
rate descriptions.
The series combination of a spring and a dash-pot, also not able to describe real rheo-
logical systems, but being important as building block, is referred to as the Maxwell unit.






















which is the equation originally proposed by Maxwell in 1867 [Maxwell, 1867]. This
model is able to describe the stress relaxation the Voigt unit lacks, however, strain retar-
dation cannot be expressed.
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It has been shown that at least three elements are necessary for a solid-like material
and four for a liquid-like material in order to overcome the strain retardation and stress
relaxation problems of the afore mentioned units [Tschoegl, 1989].
One of the standard three-element models is the three-parameter Poynting-Thomson
model, where a Voigt unit is combined in series with a single spring; this is equivalent for
the right choice of parameters to a parallel combination of a Maxwell unit with a single
spring [Park and Schapery, 1999; Tschoegl, 1989]. The series combination of a Voigt unit
with a single dash-pot (or equivalently a parallel combination of a Maxwell unit with a
single dash-pot) is called three-parameter Jeffreys fluid [Park and Schapery, 1999].
Combining m Maxwell units in parallel results in the generalized Maxwell or
Maxwell-Wiechert model. It has been shown that the generalized Voigt model, a se-
ries combination of n Voigt units, and the generalized Maxwell model are mathematically
equivalent for the right choice of parameters (see [Park and Schapery, 1999] and refer-
ences therein).
Approximative Viscoelastic Stress-Strain Relations
In order to extract linear viscoelastic material properties from creep experiments, as e.g.
performed with the µOS, the measured creep compliance has to be inter-converted into
viscoelastic parameters. A rigorous conversion is shown in [Schwarzl and Struik, 1968].
Park et al. [Park and Schapery, 1999] present a numerical inter-conversion method using
Prony series.
Wottawah et al. [Wottawah et al., 2005a,b] used the general constitutive equation for
a linear viscoelastic material (Eq. 2.4). Following the arguments by Park et al. [Park and











The complete derivation is presented in Sec. 4.4.1 This leads to the mechanical model
diagram called three-parameter Poynting-Thomson model, first proposed by Poynting and
Thomson in 1929 (see e.g. [Makris and Kampas, 2009] for a discussion), sometimes also
referred to as standard three-parameter Voigt model [Tschoegl, 1989].
In the µOS a step stress is applied to the cell surface, which can be described as:
σ(t) = FG σ0Θ(t)Θ(t1 − t) . (2.16)
The geometric factor FG (see Sec. 3.2.2, Eq. 3.6) accounts for the geometry of the trapped
cell and σ0 is the peak stress (discussed in Sec. 3.2.1, Eq. 3.4). Inserting Eq. 2.16 into
Eq. 2.15 and solving the resulting differential equation for γ(t) gives [Wottawah et al.,
2005a,b]:














for 0 < t < t1, and
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for t > t1. Using the above mentioned Prony series approach presented in [Park and
Schapery, 1999] cutting at the according order, the complex shear modulus G∗(ω) =



















where µ is the Poisson ratio and ω the angular frequency.
The classical viscoelastic theory is intrinsically a linear approach assuming continuous
material properties and affine transformations. Hence, more complicated features such
as non-linearities, effects of discrete structure, and active behavior of the cell cannot be
covered.
2.2.2 Cellular Tensegrity
In contrast to the classical theory of viscoelasticity the tensegrity model presented in this
chapter is not based on a continuity description of the cell but assumes discrete structures
that influence the mechanics of a cell. The concept of tensegrity will be used to discuss
the possible mechanisms of cellular contractions presented in Sec. 5.3.1.
The term tensegrity is a contraction of tensional integrity. The concept was invented by
R. Buckminster Fuller [Fuller, 1961, 1975, 1979] and was first visualized in sculptures by
the artist K. Snelson [Snelson, 1996]. Tensegrity structures maintain their shape stability
by a combination of tensile elements and load bearing structures that resist compression.
An example for a tensegrity construction by K. Snelson is presented in Fig. 2.6A. An
instructive example from biological context is the human body. The bones resist the pull
of tensile muscles, giving stability to the whole structure. Failure of one of the elements,
e.g. by breaking of a bone or loss of muscle tension, leads to a loss of structural integrity
[Ingber, 2003]. It was D. E. Ingber who came up with the idea that tensegrity might
also provide the structural basis for cellular integrity [Ingber, 1993, 1997; Ingber and
Jamieson, 1985; Ingber et al., 1981] (A broad and more popular scientific explanation of
the underlying ideas can be found in [Ingber, 1998]). This model proposes that the whole
cell is a pre-stressed tensegrity structure. Fig. 2.6B shows a visualization of this idea.
Since the first publications discussing a possible importance of tensegrity for cellular
structures, a number of experimental evidences for this view have been found (reviewed
in detail in [Ingber, 2003; Ingber et al., 2000]). Also theoretical approaches to tenseg-
rity could be shown to be consistent with results from cell experiments [Stamenovic´ and
Coughlin, 1999; Stamenovic´ et al., 1996].
The tensegrity model provides a comprehensible explanation for various processes
that have been found in different cell types: lymphocytes undergo a rapid change from
semi-rigid to a highly deformable state to be able to leave the circulation and transmigra-
tion into tissue [Anderson and Anderson, 1976]. A cortical structure of the intermediate
filament vimentin could be shown to provide a major contribution to the stability of these
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Figure 2.6: Tensegrity Structures. A) Magnification of a tensegrity structure
from a sculpture by Snelson. A compression and a tension element are labeled
to illustrate the force balance of continuous tension and local compression. B)
Schematic diagram of tensegrity structures in cells. Top: Contractile force of actin fil-
aments/microfilaments (MFs) and intermediate filaments (IFs) are balanced by com-
pressed microtubules (MTs) and the extracellular matrix (ECM) in a region of a cel-
lular tensegrity array. Bottom: When MTs are disrupted the substrate traction is in-
creased. Image reproduced with permission of Journal of Cell Science from [Ingber,
2003].
cells in the vessel. Correlated with changes in stiffer components of the cytoskeleton this
structure collapses allowing the cell to deform [Brown et al., 2001]. In experiments with
micro-beads bound to the surface of cells by integrin it could be shown that stresses ap-
plied to the beads propagate much faster through the cytoskeleton to the nuclear scaffold
than any fast filament assembly could explain. This leads to the conclusion that they are
indeed mechanically coupled [Maniotis et al., 1997].
D. Ingber stated in a review on the tensegrity model a framework of checkpoints that
have to be fulfilled in order to proof that the tensegrity model is applicable to the cy-
toskeleton:
“First, cells must behave mechanically as discrete networks composed of different in-
terconnected cytoskeletal filaments and not as a mechanical (e.g. viscous or viscoelastic)
continuum. Second, and most critical, cytoskeletal pre-stress should be a major deter-
minant of cell deformability. And, finally, microtubules should function as compression
struts and act in a complementary manner with ECM anchors to resist cytoskeletal ten-
sional forces and, thereby, establish a tensegrity force balance at the whole cell level.”
(Reproduced with permission of Journal of Cell Science from [Ingber, 2003])
N. Wang and D. Ingber used magnetic twisting cytometry (MTC) to proof the first
of these checkpoints [Wang et al., 1993]. In MTC, coated ferrimagnetic micro-beads,
specifically binding to the extra-cellular matrix receptors are horizontally magnetized and
consequently vertically twisted by a homogeneous magnetic field that varies sinusodially
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with time [Fabry et al., 2001; Hubmayr et al., 1996; Wang et al., 1993]. Stress applied by
MTC to non-adhesive receptors induced only a small resistance to mechanical distortion.
However, when applied to the focal adhesion receptor β1 integrin a force-dependent stiff-
ening response was observable [Wang et al., 1993]. This effect could be partially inhibited
by the application of MF, MT or IF disrupting drugs. The authors concluded that only the
concerted action of these three cytoskeletal components, not a single of them, determines
the mechanical properties supporting the ideas of the cellular tensegrity concept [Ingber,
2003; Wang et al., 1993].
Tracing fluorescently labeled mitochondria that are linked to MTs revealed that step
stresses at integrin bound beads induced displacement of mitochondria throughout the
cell. Moreover, neighboring mitochondria were observed to move in different directions
[Wang et al., 2001b]. These experiments visualize a distinct strain field inside the cell.
Stresses seem to be transferred from the integrins via the actin MFs to MTs that span the
whole cell. In a second experiment bent MTs in cells attached to deformable polyacry-
lamide gels could be shown to straighten along the direction of deformation when the gel
was stretched [Wang et al., 2001b]. This supports the hypothesis that MTs indeed provide
the load bearing structure while acto-myosin is responsible for the contractile pre-stress
necessary for tensegrity. Traction force experiments while disrupting MTs with colchicine
further confirmed the load bearing function.
Cutting fluorescently labeled stress fibers in living cells with laser nanoscissors re-
sulted in a contraction of the stress fibers. This process was shown to be dependent on
active myosin in the cells [Kumar et al., 2006]. Furthermore, cutting of stress fibers
in cells attached to soft ECM-protein gels induced a remarkable change in morphology.
These finding support the hypothesis that the acto-myosin provides the tensile component
of the tensegrity model.
By now experimental evidence for all points in D. E. Ingber’s list have been delivered,
however, tensegrity fails to explain the power-law frequency dependence observed in cells
[Fabry et al., 2001; Icard-Arcizet et al., 2008]. There are also indications that rheological
properties of the deep cytoskeleton are independent of myosin inhibition and actin dis-
ruption [Citters et al., 2006]. This poses the question whether other sources of pre-stress
might be present in these regions, or tensegrity fails to explain this behavior.
2.2.3 Power Law Rheology and the Soft Glassy Rheology Model
In this section the power-law rheology and the applicability of the soft-glassy rheology
(SGR) model will be reviewed as it has important implications for the discussion of strain
distribution presented in Sec. 5.3.3.
There is evidence from a large number of experiments on different cell types using a
variety of measurement methods that mechanical stiffness of cells obeys a weak power-
law in frequency [Desprat et al., 2005; Fabry et al., 2001; Hoffman and Crocker, 2009;
Icard-Arcizet et al., 2008; Yamada et al., 2000]. Fig. 2.7 shows an overview of performed
experiments.
MTC measurements with beads specifically bound to integrin receptors on different
cell types showed that the elastic modulus increased weakly with frequency following a
weak power law. Also the loss modulus at low frequencies could be shown to behave
similarly. At higher frequencies a progressively stronger frequency dependence could be
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Figure 2.7: Power-Law Rheology. A wide variety of methods shows that cellular
mechanical properties depend on frequency by a power-law. Absolute values have
been spaced evenly to facilitate comparison. a) The results from various methods can
be rescaled onto two master curves. b) The upper three curves follow the master curve
with an exponent β1 and the lower curves follow the master curve with exponent β2.
Abbreviations: magnetic twisting cytometry (MTC), internal laser tracking microrhe-
ology (ILTM), external laser tracking microrheology (ELTM), two-point microrhe-
ology (TPM), uniaxial rheometry (UAR), atomic force microscope (AFM). Image
republished with permission of Annual Reviews, Inc, from [Hoffman and Crocker,
2009]; permission conveyed through Copyright Clearance Center, Inc.
observed. Upon scaling, the data for different cell types collapsed, revealing a scaling
law that governs the elastic and the frictional properties [Fabry et al., 2001]. The authors
conclude that cells can be assumed to behave as soft glassy materials close to a glass
transition. It was proposed that cells should be described by the SGR model.
Combination of optical tweezers with epifluorescence microscopy allowed to observe
green fluorescent protein (GFP) labeled actin in the cells during force application by op-
tically trapped silica micro-beads that were attached via integrin receptors [Icard-Arcizet
et al., 2008]. The bead position was measured on a four-quadrant photo-diode detector
and a feedback loop with a piezo stage kept the distance of the bead from the center of the
trap constant (force clamp). Actin was shown to recruit around most of the beads while
forces were applied, correlating with the increase in stiffness of the particular focal adhe-
sion. The observed increase was describable by a power-law. Yamada et al. confirmed the
power-law dependence using laser-tracking microrheology to trace endogenous granules
in a epithelial kidney cell [Yamada et al., 2000]. In this completely non-invasive method,
the position of particles is determined by four-quadron-diode laser tracking. Also whole
cell stretches with cells adhered to stiff substrates in microplate rheology show that power-
law rheology applies [Desprat et al., 2005].
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It has been shown for airway smooth muscle cells that their linear dependence of
the stiffness on the contractile pre-stress in the cell is interrelated with the power-law
dependence of the stiffness on the frequency [Stamenovic´ et al., 2004]. In a magnetic
tweezers study the creep responses of fibroblasts and epithelial cells were shown to follow
a weak power-law time dependence even for large applied forces leading to non-linear
responses of the cells. It was shown that the sum of pre-stress and the applied external
stress determines the stiffness of the cell [Kollmannsberger et al., 2011].
In 2009 Hoffman et al. compared data from a large number of different cell types
measured with a variety of methods [Hoffman and Crocker, 2009]. They discovered that
all the data they considered can be fitted by the sum of two power laws, whereas the first
exponent β1,2 takes values between 0.1 and 0.3 and the second exponent is 3/4. The results
could be rescaled to two master curves with β1 = 0.24–0.29 and β2 = 0.13–017 (See also
Fig. 2.7). The authors speculated that the two curves represent the mechanical properties
of distinct regimes in the cell.
Measurements with the µOS of suspended cells seem to be an exception to power-law
rheology [Wottawah et al., 2005a,b]. However, Maloney et al. reported an offset-power-
law dependence of human mesenchymal stem cells measured in the µOS. The offset-
power-law was fitted to the average of the measured strains [Maloney et al., 2010].
If power-law rheology applies, the strain of the cells is expected to follow a log-normal
distribution [Fabry et al., 2001; Hoffman et al., 2006]. In first papers with the µOS the
number of measured cells was small. Gaussian distributions were fitted to these data sets
in order to extract an average strain and the corresponding measurement uncertainties
[Guck et al., 2005]. As will be shown in Sec. 4.3, distributions of the strain measured
in the µOS are in general not symmetric. Also the features of individual graphs are not
found in the behavior of every single cell. Calculation of the mean and standard error
propagation is, thus, not an adequate tool to analyze the obtained data.
Critical comparison of theoretical predictions of SGR models with the measured be-
havior in cells reveals a number of inconsistencies. Mandadapu et al. found that the data
of frequency sweeps recording storage and loss moduli at low amplitudes as well as the
relaxation behavior of the cytoskeleton after large perturbations are consistent with the
predictions of the SGR model assuming a noise temperature above equilibrium [Man-
dadapu et al., 2008]. Measurements of local Brownian dynamics of embedded tracer
particles violate Stokes-Einstein behavior, and hence suggest that the system is in a glassy
state below the glass transition temperature. The authors, therefore, see inconsistencies
with the SGR model, unless the system is assumed to be in a non-equilibrium state. How-
ever, the power-law behavior follows from the SGR model only if the time-temperature
invariance holds, that is strictly speaking only true near equilibrium.
An extension of the observed frequency range to very low frequencies by Stamen-
ovic´ et al. revealed two regimes with different power-laws that were cell type specific
and connected by a well defined plateau regime without power-law behavior [Stamenovic´
et al., 2007]. This finding was confirmed by [Chowdhury et al., 2008], who proposed non-
equilibrium-to-equilibrium transition of non-covalent bonds as possible origin for the two
regimes.
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2.2.4 The Glassy Worm-Like Chain Model
An approach accounting for the observed power-law behavior in cellular rheology is the
glassy worm-like chain model which is an extension of the the worm-like chain model.
Semi-flexible polymers show an entropic elasticity [MacKintosh et al., 1995]. The worm-
like chain model combines this effect with friction of thermally fluctuating filaments in
a viscous fluid [Gittes and MacKintosh, 1998]. The elastic shear modulus calculated
with this approach is able to explain the high frequency scaling behavior of semi-flexible
polymers, observed in filamentous actin (F-actin) solutions [Schnurr et al., 1997].
In the glassy worm-like chain model the weakly-bending rod limit of the worm-like
chain model is extended to incorporate that the cytoskeletal fibers interact with surround-
ing polymers. To this end, the relaxation times of all eigenmodes with a wavelength longer
than a characteristic interaction length are multiplied by a factor that exponentially grows
with the number of interactions per wavelength [Kroy and Glaser, 2007; Semmrich et al.,
2007]. This factor accounts for the interactions of the polymers at longer time scales in
contrast to non-interacting single polymer dynamics for short times.
The introduced parameter can be understood as a characteristic height of the free en-
ergy barriers determining the retardation of the relaxation. A mechanistic derivation of
this parameter has not been achieved up to now [Kroy and Glaser, 2007], making this
approach in part bottom-up and partially a phenomenological derivation of cellular me-
chanical properties. However, the glassy worm-like chain model successfully describes
the experimentally observed logarithmic tails of the dynamic structure factor measured
in dynamic light scattering experiments on reconstituted high concentration F-actin solu-
tions [Semmrich et al., 2007], as well as essential features of power-law rheology [Kroy
and Glaser, 2007].
2.2.5 Non-Affine Transformations and Non-Linear Rheology
To evaluate whether the new model for the description of contracting suspended cells
derived in Sec. 4.4 is applicable to the measured strains, it is important to consider non-
linear effects that are observable in cells. The discussion will be presented in Sec. 5.3.2,
here essential findings of non-affinity and non-linearity observed in rheology experiments
with a variety of techniques will be reviewed.
A transformations is called affine if straight lines are preserved, i.e. points that lie on
a straight line before the transformations will be connectable by a straight line after the
transformation. This does not imply conservation of distances and angles. A schematic
view of a non-affine deformation can be seen in Fig. 2.8. For semi-flexible polymers, e.g.
actin networks, it has been shown that the affinity of the polymer gels depends on the
filament length and the cross-linker density: the smaller the filaments and the lower the
cross-linker density, the larger the non-affinity under deformation [Head et al., 2003a,b;
Liu et al., 2007]. 2D modeling of such networks predicts that under non-affine conditions
the deformation is dominated by filament bending, while at affine deformations it is gov-
erned by stretching and compressing the filaments [Head et al., 2003a,b]. Therefore, in
the affine regime non-linear extensional properties of individual filaments should lead to
strong strain stiffening [Head et al., 2003a].
In situ experiments with cross-linked MF gels reveal considerable stress stiffening
at high cross-linker concentrations and high filament densities. These non-linear effects
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Figure 2.8: Non-Affine Deformations. Affine and non-affine shear deformation of
a polymer gel with tracer beads. Reprinted with permission from [Basu et al., 2011].
Copyright (2011) American Chemical Society.
disappear when the cross-linker concentration or the filament density is lowered [Gardel
et al., 2004] coinciding with the above described transition to non-affine deformations.
Actin networks, cross-linked with α-actinin could be shown to strain harden at short time
scales while they soften at long time scales [Xu et al., 2000].
Living cells contain a huge number of different polymers, such as different cytoskeletal
filaments, various cross-linkers, and motor proteins. Hence, the situation is far more
complicated as in the simple reconstituted systems. Several attempts to approach the
complexity of living cells have been made. The addition of even small concentration of
stiff MTs to MFs gels strongly enhances stress stiffening [Lin et al., 2011]. Non-linear
responses of reconstituted actin networks have been shown to depend strongly on the
structure of cross-linking molecules [Wagner et al., 2006]. Addition of active components
such as molecular motors further increases the stiffening of actin gels studied in vitro
[Mizuno et al., 2007] or in 2D simulations [Broedersz and MacKintosh, 2011].
In living cells active stress stiffening was shown using microplate rheology [Ferna´ndez
et al., 2006]. To this end, single fibroblasts were held at a constant elongation and the me-
chanical properties were measured recording the cellular response to oscillations with a
small amplitude and varying frequency. In a similar experiment at small deformations the
stress stiffening could be reproduced, while at large deformation a linear force-length rela-
tion was measured coinciding with the irreversiblility of the cellular response [Ferna´ndez
and Ott, 2008]. In vitro systems consisting of actin filaments cross-linked by filamin A
that are contracted by bipolar filaments of muscle myosin II indicate that externally ap-
plied stress and internally generated pre-stress have the same effect on the non-linear
stiffness of the material [Koenderink et al., 2009]. This finding was confirmed by data
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on a wide range of different cell types identifying the sum of pre-stress and externally
applied stress as the parameter controlling differential stiffness [Kollmannsberger et al.,
2011]. Systems consisting of a combination of active and passive cytoskeletal compo-
nents show a wide range of possible stiffnesses, myosin motors have been shown to be
able to stiffen these networks up to 100-fold in an ATP dependent manner [Mizuno et al.,
2007]. These mechanisms suggest, that the cell is able to tune its mechanics according to
the physiological task that has to be fulfilled, making use of non-linearities in cytoskeletal
responses [Koenderink et al., 2009; Mizuno et al., 2007].
2.2.6 Bottom-Up Models for Cellular Mechanics
In the literature a large variety of bottom-up approaches for cellular mechanics can be
found, each addressing specific effects found in cells such as non-linear properties of con-
stituents or motor activity. While the glassy worm-like chain model described in Sec. 2.2.4
is a hybrid of the bottom-up worm-like chain approach and a phenomenological exten-
sion to account for interactions of the filaments, other approaches deduce the mechanical
properties strictly from the assumed underlying mechanisms. Here these models will be
outlined without going into details. The interested reader is referred to more detailed re-
views by Kollmannsberger et al. [Kollmannsberger and Fabry, 2011] or Hoffman et al.
[Hoffman and Crocker, 2009].
None of the following models claims to reach a complete description of the complex
mechanics of the cytoskeleton, indeed, each of them has a valuable contribution to under-
stand the effect of known cytoskeletal processes to the mechanical properties on cellular
scale.
Dynamic Cross-Links
It is known that several MF cross-linking proteins, for instance actinin [Rief et al., 1999;
Schwaiger et al., 2004] and filamin [Furuike et al., 2001], unfold at a critical pulling force.
It has been shown in 2D simulations that a MF network cross-linked with filamin reaches
a fragile mechanical state under strain. In this state a large fraction of the cross-linking fil-
amins experiences a critical unfolding strain [DiDonna and Levine, 2006]. Incorporation
of thermally driven cross-linker unbinding could be shown to be insufficient to explain the
fragile state and cross-linker unfolding is required [Hoffman et al., 2007].
Cross-link unfolding results in an unusual stress relaxation spectrum that was sug-
gested to give rise to non-universal power-law rheology similar to that seen in cells [Di-
Donna and Levine, 2007]. The observed fragile state was also hypothesized to suit well
with requirements for mechanosensing in cells [Hoffman et al., 2007].
In an approach by Broedersz et al. a different mechanism also relying on dynamic
cross-linkers is investigated. The filaments are assumed to be stiff rods and the cross-
linkers are modeled as flexible worm-like chains [Broedersz et al., 2008]. This flexible
cross-linker model also reproduces the non-linearities in cellular mechanics of the consid-
ered experiments.
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Pre-Stressed Semi-Flexible Polymer Chains
In Monte Carlo simulations a model for a semi-flexible polymer locally restricted by
surrounding polymers to a tube was investigated [Majumdar et al., 2008; Rosenblatt et al.,
2006]. The combination of pre-stress in the filament and the assumption of non-linear
polymer chain elasticity could reproduce the power-law in the creep, that is also observed
for whole cells. The authors concluded that the nonlinear dynamics of single polymer
chains under tension may account for the unusual behavior of whole cells in rheology
[Rosenblatt et al., 2006]. This approach could bridge the shortcoming of the tensegrity
model to explain power-law rheology [Hoffman and Crocker, 2009]. However, it relies
on the assumption that chain dynamics is thermally driven, which is not observed for
cytoskeletal dynamics [Stamenovic´, 2008].
Motor Driven Active Gels
Obviously the most striking feature of muscle cells is their ability to contract. It were
Andrew Huxley et al. [Huxley, 1957; Huxley and Niedergerke, 1954] and Hugh Huxley
et al. [Huxley and Hanson, 1954] who came up independently with the ideas that led to
the sliding filament theory explaining skeletal muscle contraction [Huxley and Simmons,
1971]. It is well known, that also non-muscle cells need to contract to perform their
physiological tasks [Bement et al., 1993; Jacinto et al., 2000; Martin et al., 2009; Tamada
et al., 2007]. While in some models activity is incorporated by contractile pre-stress and
ATP hydrolysis, none of the theories mentioned so far accounts for active contractions of
non-muscle cells.
Almost all types of cells contain different isoforms of myosin motors (see Sec. 2.1.2).
In reconstituted systems consisting of actin filaments and active myosin, the motor activity
generates sliding of filaments that replaces reptative motion, which leads to fluidization of
the network [Humphrey et al., 2002]. The additional introduction of cross-linkers impedes
this fluidization and non-linear properties similar to those observed in cells, for instance
unexpected diffusive motion [Lau et al., 2003], stress stiffening [Mizuno et al., 2007], and
contractions [Bendix et al., 2008], can be reproduced. These observations led to theories
focusing on motor activity as the force generating mechanism.
Myosin motors can form processive minifilaments, that are able to exert forces on
MFs (see Fig. 2.9). It was shown by Mizuno et al. that these minifilaments can stiffen a
cross-linked actin gel up to 100 fold, depending on the ATP concentration [Mizuno et al.,
2007]. A combination of active and passive micro-rheology was used to show that myosin
activity caused a violation of the fluctuation dissipation theorem in this reconstituted sys-
tem. Also non-thermally driven motions of embedded tracer beads could be reproduced.
Build on these observations, a theory was derived linking myosin activity with large scale
mechanics of the network [Mizuno et al., 2007]. This line of thought provides a possible
explanation, how cells can tune their mechanical properties e.g.when reacting to substrate
stiffness.
Liverpool et al. constructed a model of permanent cross-linked actin filaments with a
length shorter than their persistence length and incorporated active cross-linkers that exert
opposing forces on two transiently bound filaments [Liverpool et al., 2009]. This model
allows to reproduce non-linear observations from reconstituted systems such as stress
stiffening [Mizuno et al., 2007] and contractions [Bendix et al., 2008]. Furthermore, the
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Figure 2.9: Myosin Contractility in Actin Networks. Amyosin minifilament (cen-
ter) consisting of a bundle of myosin motors with active head groups at both ends of
the filament exerts a contractile stress in the actin filaments (gray lines) resulting in
a contraction between cross-links (dark circles). Image from [Mizuno et al., 2007].
Reprinted with permission from AAAS.
model predicts a softening of the network at zero frequency, which has not been observed
in experiments up to now.
MacKintosh et al. considered a viscoelastic homogeneous and isotropic medium and
incorporated uncorrelated motor activity as a pair of forces that are equal and opposite
[MacKintosh and Levine, 2008]. With the aid of this approach stress-fluctuations and
diffusive-like motion measured in cells [Lau et al., 2003] can be explained by the binding
and unbinding kinetics of molecular motors. Also stiffening of cells observed in in vitro
experiments [Mizuno et al., 2007] could be mimicked. Allowing compressibility of the
network, the motors could be shown to induce density fluctuations in the network.
In summary, there is a variety of models on cellular mechanics available, each explain-
ing particular experimental observations. All models able to reproduce contractions in the
cell rely on the a priori assumption of motor activity. In this work, a descriptive model
based on the classic viscoelastic theory is introduced. By incorporation of an active stress
term, cellular contractions can be quantified. While this phenomenological approach can-
not give a direct access to the microscopic origins of contractions, it allows to classify
the influence of different contractile mechanisms in an unbiased way. The model will be
introduced in Sec. 4.4.
Chapter 3
Materials and Methods
This chapter gives a detailed explanation of the applied techniques and the materials used
in the presented experiments. At first, the setup and the working principle of the µOS
are introduced followed by some comments on the theoretical background of the analy-
sis of data obtained by µOS measurements. Thirdly, the experimental methods used for
determining the temperature during the Optical Stretching are explained. Forthly, a com-
bination of the µOS with CLSM, that was developed to allow Ca2+ imaging in the µOS,
is presented. The temperature measurements and the fluorescent imaging are important
prerequisites for the measurement of HEK293 cells transfected with the TRPV1 channel
(HEK293-TRPV1) in the µOS. The automated setup and the extraction of the strain data
by optical video microscopy will be explained in the penultimate section. The last part
describes the cell culture procedures and how the drugs manipulating the Ca2+ signal were
applied.
3.1 Working Principle of the Optical Stretcher
Already in 1970 A. Ashkin presented a divergent laser trap of two counterpropagating
laser beams and stated that it should in principle be able to deform soft particles [Ashkin,
1970]. Constable et al. proved that it is possible to trap cells with this setup [Constable
et al., 1993]. They were able to trap hard polystyrene beads and soft yeast cells. Experi-
mental evidence for the deformation of the soft materials was first presented by Guck et
al. in 2000 [Guck et al., 2000, 2001, 2002] who used a similar geometry for stretching of
single suspended cells. This way, they were able to measure mechanical properties of sin-
gle suspended cells without mechanical contact to the cell surface. The Optical Stretcher
is a spreading technology. Today, this technique can be found in several groups all over
the world.
3.1.1 The Optical Stretcher – A Two Beam Laser Trap
A dielectric fluid, such as the water inside the cell, consists of randomly oriented, freely
rotatable dipoles. An electric field, for example the light of a laser beam, induces an
orientation of these dipoles. For a laser with a Gaussian intensity profile this effect causes
a gradient force (Fgrad) towards the highest intensity, which is able to pull a cell into the
center of the beam similar to the forces in optical tweezers [Ashkin and Dziedzic, 1987;
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Figure 3.1: Optically Induced Gradient and Scattering Force. The laser beams
emerging from the optical fibers in the µOS have a Gaussian shaped intensity profile.
Water, the main component inside the cell, is a dielectric medium and, hence, experi-
ences a force Fgrad in this electric field gradient due to polarization effects. The cell
is pulled into the region of highest laser intensity. Part of the light is reflected at the
cell surface, this gives rise to a scattering force Fscat.
Ashkin et al., 1986, 1987]. As cells have a higher refractive index than the surrounding
medium [Guck et al., 2005], a small fraction of light is reflected. For a single beam,
this results in a scattering force (Fscat), pushing the cell away from the laser source (see
Fig. 3.1).
The forces in the µOS can also be explained with the ray optics approach: due to
the higher refractive index of the cell compared to the surrounding medium the laser
beam gets refracted according to Snell’s law when entering and exiting the cell. As the
momentum of the beam has to be conserved under this directional change a force acts
on the cell. This force, again, can be split up into one component pointing towards the
highest beam intensity (Fgrad) and one component pointing away from the beam source
(Fscat) (see Fig. 3.2). For a symmetric trap of two counterpropagating divergent laser
beams, there is a point in the center where the scattering forces cancel resulting in a stable
trap region.
3.1.2 Optical Surface Forces
In the µOS cells are visibly stretched along the direction of beam propagation. The stretch-
ing force originates from the difference in refractive indices. In Fig. 3.3 this effect is
demonstrated in a gedankenexperiment adapted from [Guck et al., 2001]. The momentum
of a photon is given by pphoton = ni∆E · c−1, where E is the energy, ni the refractive index
of the medium and c the speed of light in vacuum. Hence, light entering a medium with
a higher refractive index gains momentum. The ratio of back reflected light can be calcu-
lated by the Fresnel formula [Jackson, 1975]. As the difference in refractive indices of the
cell and the surrounding medium is small, the momentum transfer due to reflection pr is
an order of magnitude smaller than momentum gain inside the cell. Due to conservation
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Figure 3.2: Optically Induced Force, Ray Optics Approach. The light is refracted
at the cell surface according to Snell’s law. Due to conservation of momentum this
directional change of the light beams results in a force (F1, F2). At the side of the
higher beam intensity the force is higher and, hence, a net force Fnet acts on the center
of mass of the cell towards the highest field intensity of the Gaussian laser beam.
of momentum a force Fsurface = ∆p/∆t, with ∆p = p1+ pr− p2, p1 being the momentum of
incoming light, and p2 that of the transmitted beam, is transferred to the surface pointing
away from the optically denser medium. In the center of a symmetric two beam trap the
scattering forces cancel and the surface forces exerted by either of the beams add up to a
symmetric force profile. It was shown that all forces act perpendicular to the cell surface.
For a detailed discussion of these forces see chapter 3.2.1.
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Figure 3.3: Gedankenexperiment: Momentum Transfer to the Cell Surface.
Only a small fraction of the light is reflected at the surface and the momentum is
proportional to the index of refraction, which is slightly higher inside the cell than in
the surrounding medium. Hence, the momentum of the light is larger inside the cell,
resulting in a force on the cell surface pointing outwards. The gedankenexperiment is
adapted from [Guck et al., 2001].
3.2 Theory and Quantification of Measurements
Up to now, there are no methods available to directly measure the spatially resolved stress
on the cell surface in the µOS. However, different mathematical and computational models
have been proposed to determine the stress distribution caused by the optically induced
surface forces. To obtain material parameters from the measured strain, a stress-strain
relation is necessary. This section is meant to give a critical overview over the published
theories.
3.2.1 Surface Force Calculations
Maxwell Stress Tensor
The stress distribution σ on the surface of a particle exerted by the electromagnetic field
(E,H) can, under steady-state conditions, be expressed as the dot product of the unit
normal vector to the particle surface n and the time-averaged Maxwell stress tensor 〈A˜〉
[Jackson, 1975],


















I˜ being the unit tensor, ǫ the permitivity, and µm the permeability of the medium.
The cell and the surrounding medium in the µOS is assumed to be linear, isotropic,
and non-magnetic. Hence, the surface stress σ assumes the following form in spherical
coordinates [Xu et al., 2009]:
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where Er and Br are the radial component of the electric and magnetic field, respectively.
The total stress on the surface is the sum of the stresses caused by the field inside and
outside the object. Applying the boundary conditions for electric and magnetic field at
the surface it can be shown that the components along eθ and eφ vanish. Thus, the stress is
pointing in the direction of the outward normal er in every point of the surface [Xu et al.,
2009]. This result can also be obtained using geometrical optics [Bareil et al., 2006; Xu
et al., 2009].
Ray-Optics Approaches
In the first publications by Guck et al. a calculation based on ray-optics (RO) was pre-
sented [Guck et al., 2000, 2001]. The incident laser beam was decomposed into individ-
ual rays with appropriate intensity, momentum, and direction described by geometrical
optics. This approach neglects diffraction effects, which is valid under the assumption
that the scattering objects are much larger than the used wavelength.
The direction of the transmitted ray is given by Snell’s law and reflection and trans-
mission coefficients are obtained from the Fresnel formulas [Jackson, 1975] by averaging
over the polarization directions, assuming the resulting error to be small. The influence of
subsequent reflections and refractions was assumed to be small and therefore neglected.
The authors stated that this theory was checked by single laser beam ’shooting experi-
ments’ using the acceleration of silica and polystyrene beads, RBCs, and, as a model for
eukaryotic cells, BALB/3T3 mouse fibroblasts. The stress distribution was approximated
by
σ(φ) = σ0 cos2(φ) , (3.4)
where σ0 is the peak stress and φ the angle to the beam axis. With this approach the
equations of deformation could be solved analytically. For RBCs the cell elasticity could
then be determined from the observed strain. Deviations from the theory due to the stress
induced ellipticity in the objects were neglected in this approach.
The shooting experiments rely on the equality of viscous drag force (Stokes friction)
and scattering force:
Fscat = 6πηav , (3.5)
where η is the viscosity of the medium, a the radius of the particle and v the velocity of
the particle that can be easily measured by digital image analysis. A difficulty that was
not discussed in [Guck et al., 2000] and [Guck et al., 2001] is the fact that the viscosity
η = η(T ) is a function of temperature. In later investigations it turned out that the temper-
ature increases significantly during the µOS experiment [Ebert et al., 2007; Wetzel et al.,
2011] due to absorption of laser light by the fluid in the optical trap. In the first pub-
lications measurements were performed with λ = 785 nm, a wavelength which is much
less absorpted by water than the λ = 1064 nm used in [Ebert et al., 2007]. Neverthe-
less, temperature changes during the measurements have to be taken into consideration
in future investigations, especially if for convenience and availability of laser sources a
λ = 1064 nm laser is used.
The RO model was extended by Ananthakrishnan et al. to be applicable to other eu-
karyotic cells whose mechanical properties are predominantly influenced by the actin cor-
tex [Ananthakrishnan et al., 2005, 2006] (also see Corrigendum: [Ananthakrishnan et al.,
2008]). The cos2 term was replaced by cosn, an analytical expression that modeled the
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numerically calculated stress distribution more accurately. n is even, as the stress is axi-
ally symmetric, and n = 2 refers to a broad stress distribution and the maximal value of
n = 24 to a rather narrow stress distribution.
Newer calculations using the RO model [Bareil et al., 2006; Xu et al., 2009] and the
application of ray-tracing methods [Ekpenyong et al., 2009] revealed a quite large devia-
tion form the cosn approximation. If the cell is assumed to be a spherical, homogeneous
object, then RO predicts well-defined stress spikes for the stress distribution at the shad-
owed site of each laser beam. Their position and intensity depends strongly on the ratio
between cell size and beam width at the cell’s position.
Stress Calculation by Solving Maxwell-Equations
Boyde et al. [Boyde et al., 2009] presented a hybrid analytic-numerical approach for cal-
culations of the stresses exerted by the Gaussian laser beam in the µOS. The regime in
which the particle deviates from a sphere only by a few percent and is comparable in size
or smaller than the incident wavelength was solved analytically based on first-order pertur-
bation theory. For scattering particles larger than the incident wavelength deviating from a
sphere by up to thirty percent a hybrid analytic-numerical approach based on higher order
perturbation theory was developed. Lowest-order fields were thereby found by standard
Mie theory and higher-order corrections by an adapted point-matching method account-
ing for tangential and perpendicular boundary conditions. The stress was then calculated
from the fields using the Maxwell stress tensor (see Sec. 3.2.1). The obtained stresses de-
pended sensitively on the choice of parameters. It turned out that for large fiber distances
a highly oscillatory stress distribution is observed. The divergence of the beam in the µOS
is not considered in the calculation and the interior of the scattering object in the µOS -
usually a biological cell - is assumed to be homogeneous and rotationally symmetric.
Xu et al. [Xu et al., 2009] applied a generalized Lorenz-Mie theory (GLMT), an ex-
tended Lorenz-Mie theory accounting for the Gaussian shape of the incident beam, and
compared it to the RO calculation and a Debye series solution. This comparison also re-
vealed inaccurate results for the RO approach as interferences between superposing rays
while creating the stress on the sphere surface cannot be considered. At the shadowed side
of the illuminated particle RO calculations produced sharp stress peaks, which passed to
oscillatorily distributed intensities in GLMT with a far lower amplitude than predicted
from RO. The deformation of the cell during the stretch was not taken into account in this
study.
All of these approaches considered the cell to be an spherical or ellipsoidal object with
homogeneous refractive index. This neglects the surface fluctuations and the fact that the
internal structure is highly inhomogeneous due to inner organelles and the nucleus, which
has a different refractive index than the cell soma. The inhomogeneous internal structure
and the fluctuations, however, might smear out the calculated oscillatory structures in the
stress profile. Direct measurement and incorporation of these effects are still an important
task to understand the real stress profile in the µOS.
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3.2.2 Approximations of the Stress-Strain Relation
All of the presented models for a stress-strain relation of single suspended cells assume
a linear elastic or viscoelastic behavior of the cells, mostly stating that this holds true in
approximations for small strains. In a thorough revision of the current literature on this
topic no test whether the cells really meet these assumptions could be found.
Elastic Thick Shell Model for the Actin Cortex and Geometric Factor
In order to investigate the structural role of the actin cortex and its individual contribution
to the cell’s overall structural response, in [Ananthakrishnan et al., 2006] an elastic thick
shell model adapted from [Lure, 1964] was proposed. It describes the radial deformation
of an elastic shell of thickness r0 − r1, where r0 and r1 are the outer and inner radius.
The deformation is a response to the axially symmetric radiation-induced radial stress
σ on a cell in the µOS. As mentioned in Sec. 3.2.2, the numerically calculated spatial
stress distribution was approximated by σ = σ0 cosn φ. This leads to an expression for the
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where G is the shear modulus of the shell (actin cortex) and FG is the geometric factor
of the thick shell, arising from its spherical geometry and the distribution of optical stress
applied to it. The Poisson ratio µwas set to 0.5, assuming an incompressible material. The
thick shell model was reported to be able to describe the deformation of the cells only for
a localized surface stress accurately. Ananthakrishnan et al. showed that the determined
results for the compliance depend strongly on the choice of a proper geometric factor.
Transient Network Model
The second model analyzed in [Ananthakrishnan et al., 2006] was an expansion of a per-
manently or fully cross-linked, tightly entangled, isotropic actin network [Gardel et al.,
2004; MacKintosh et al., 1995] by incorporating a transient character of the actin cross-
links. The transiently cross-linked network model allowed to calculate the shear modulus
of an actin network of given actin and cross-linker concentration. Given the cortical shear
modulus of a cell obtained from the thick shell model, the transient network model pre-
dicted the cortical actin and cross-linker concentrations.
Three-Layered-Coupled-Sphere Model
In a third step, Ananthakrishnan et al. constructed a structural model for the cell by the
combination of three elastic thick shells as described in Sec. 3.2.2 [Ananthakrishnan et al.,
2006]. The considered shells were the outer actin cortex, the interior assembly of poly-
mers (MTs, IFs and some MFs), and – in the limit of a sphere, i.e. with inner radius
equal to zero – the nucleus. An appropriate combination of slip and no-slip boundary
conditions was obtained by fitting the theory to experimental data. It was shown that
this three-layered model is better in explaining deformations at broad distributions of the
surface stress than results obtained from the assumption of a single actin cortex. The influ-
ence of the stiffness of MTs on the interior network was investigated by a parameter study
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varying the modulus of MTs. A change of the modulus from 100 Pa to 50,000 Pa resulted
in a difference of whole cell deformations of only ∼ 0.4%. This led to the conclusion that
the deformation is fairly insensitive to the stiffness of the interior MT network. Newer
measurements manipulating the cells with Taxol, however, indicate that MTs might play
a larger role in cellular mechanics than the calculations by Ananthakrishnan et al. suggest
[Nnetu et al., in preparation].
Finite Element Simulations
Finite element simulations were performed to determine the contribution of the star-like
architecture of the rod-like MTs [Ananthakrishnan et al., 2005, 2006]. The contribution of
intermediate filaments was estimated to be of low significance for small deformations and
hence was excluded in the study. The cortex was modeled as an isotropic, homogeneous
elastic thick shell, the nucleus as an elastic sphere, and the MTs as hollow elastic rods
with a radius of 12 nm and a wall thickness of 5 nm rigidly attached to both the cortex and
nucleus. The study revealed that even in the case of rigid coupling of the rods to the cor-
tex, it is the outer shell that mainly determines the structural response of the cell. A slight
displacement of the cell nucleus from the center of the cell had only minor influences on
the cell stiffness.
The discrepancies of the previously described theoretical approaches and the lack of
experimental methods to directly verify the predicted forces on a cell make clear, that
there are still difficulties to be solved in order to reach an accurate description of the
exact forces that act on a real biological cell in the µOS. For this reason, throughout this
work the measured strain data was directly compared, abandoning the attempt to calculate
complex shear moduli from the recorded cellular deformations. The results of the thesis
are obtained from relative comparison of the measured cellular strains in the µOS under
various conditions and specific drug manipulations. This way, model induces systematic
errors could be avoided. The following sections will provide detailed information about
the applied methods to obtain the experimental data.
3.3 Temperature Measurements in the µOS
The measurements of the temperature within the trap for a typical µOS experiments were
performed following the method described in [Ebert et al., 2007]. The ratio of the fluores-
cence of the temperature sensitive dye rhodamin-B (Fluka/Sigma-Aldrich, St. Louis, Mis-
souri) to the temperature insensitive dye rhodamin-110 (Fluka/Sigma-Aldrich, St. Louis,
Missouri) illuminated with 488 nm was recorded in the CLSM (Leica TCS SP2, Leica,
Wetzlar, Germany). This was done scanning a plane of size 11.51×5.93 µm2 in the center
of the trap with 16.4 fps.
The temperature inside the empty trap was measured for the same laser profile as
used for the measurements of cellular mechanical properties. First, the laser power of the
µOS was switched to 0.1W per fiber, the power used for trapping cells, until a thermal
equilibrium was established. Then, 5 s at stretching power were recorded, followed by
25 s of trapping power, which was enough to reach thermal equilibrium again. This laser
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profile was repeated three times for every power. The temperature was measured for
stretching powers of 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0 and 1.2W per fiber, respectively.
As described in [Gyger et al., 2011], the intensity ratio of the dyes was calibrated in a
custom-build chamber for a temperature range of 22 to 40 ◦C with steps of 2 ◦C, whereby
the temperature was controlled with a water reservoir. The calibration was performed us-
ing the same imaging parameters in the CLSM as for the recording of the temperature.
The background offset of the fluorescence in this measurements was normalized to room
temperature as follows: the mean intensity ratio during trapping at 0.1W was calculated
from an average of 82 frames (5 s) before the start of each of the stretching power applica-
tions. The intensity ratio of the maximal temperature at stretching power was determined
from an average of the last 41 frames (2.5 s) of the stretch phase. To obtain an absolute
temperature scale a linear increase with laser power between 0 and 0.1W was assumed.
The ambient temperature, measured to be (23.0 ± 0.2) ◦C, was used as a base line.
3.4 Combined Optical Stretching and Confocal Imaging
Imaging of Ca2+ signals in HEK293 stably transfected with the TRPV1 was performed us-
ing a CLSM [Gyger et al., 2011]. The main advantage of confocal imaging in this context
is the possibility to obtain a bright-field and a fluorescence image at the same time without
slow filter cube exchange and illumination adjustment. While the fluorescent image was
necessary to extract the fluorescence intensity data of the trapped cells, the bright-field
image allowed to identify dead or strongly blebbing cells that were not adequate for anal-
ysis. The bright-field images were also employed to position the cell into the trap region
and to assure that the flow was stopped during the measurements.
A µOS setup was build as described in [Lincoln et al., 2007] with slight modifications.
Instead of the glass slide used by Lincoln et al. the SU-8 photoresist (MicroChem Corp.,
Newton, Massachusetts) was deposited by a standard photolitographic method [Madou,
2002] on a 100 µm thick cover slip sustained by a 1mm thick aluminum plate with a 7mm
hole in the center (Fig. 3.4c). This way the distance between the lower glass boundary and
the cell was reduced allowing for the use of a 63x high NA (1.40) oil-immersion objective.
The setup was constructed on a custom-made light weight aluminum stage, meeting the
weight requirements of the piezo z-stage of the CLSM. This allowed computer controlled
adjustment of the height of the focal plane. The setup is shown in Fig. 3.4.
Cells were moved into the trap region by controlling the hydrostatic pressure differ-
ence in the capillary. To this end the relative height of two connected liquid reservoirs was
manually adjusted. For measurements the flow was carefully stopped and the cells were
trapped at 0.1W per fiber. The two counterpropagating beams used for this µOS setup
emerged from a 1064 nm single mode CW Ytterbium fiber laser (YLD-10-1064, IPG
Photonics, Oxford, Massachusetts) equipped with a beam splitter. Cells were stretched
at stretching powers between 0.5W and 0.8W per fiber for 5 s followed by a relaxation
phase at trapping power of 30 s. The sequence was repeated three times successively for
each cell. Fluorescent images were obtained by scanning the mid-plane of the cell with a
488 nm laser. The light emitted between 500 and 530 nm was recorded with a photomulti-
plier. Images of 43.36 × 25.58 µm2 were taken with a resolution of 5.90 µm per pixel at
2.75 fps. As the transmitted light detectors of the used CLSM are protected by a filter at














Figure 3.4: µOS Setup for Confocal Imaging. a) Magnification of a schematic
cross section along the laser fibers of the microfliudic chamber in the µOS, details
can be found in [Lincoln et al., 2007]. b) Photo of the µOS setup mounted on the
piezo driven z-stage of the CLSM. c) Schematic cross section of the whole setup.
The SU-8 structure sustaining the optical fibers was spin-coated on a 100 µm glass
cover slip, supported by a stable aluminum structure. This way the distance between
lower glass boundary and the trap position of cell in the setup described by Lincoln et
al. could be reduced sufficiently such that the working distance of the oil immersion
objective sufficed to observe the mid-plain of the cells. Image adapted from [Gyger
et al., 2011]© 2011 The Optical Society.
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488 nm, a 543 nm laser was used to obtain transmission mode images simultaneously.
The 1064 nm laser for Optical Stretching was controlled via custom-written Labview
software (National Instruments, Austin, Texas)1. Using the trigger signal from the CLSM,
digitalized via a NI USB-6008 (National instruments, Austin, Texas) the Optical Stretch-
ing was synchronized with the images recorded with the commercial software of the
CLSM.
3.5 Automated Setup and Strain Determination
In order to reach statistically significant cell numbers for the stress-strain experiments,
an automated µOS measurement procedure was used [Stange et al., in preparation]. The
cells were moved through the channel controlling the pressure with custom-made pumps.
Online detection of cells in the flow allowed to identify single cells, a feedback algorithm
permitted an exact pressure control such that the cell were moved into the trap region
of the µOS. After stopping the flow, the cells were trapped at 0.1W per fiber by two
1064 nm single mode CWYtterbium fiber lasers (YLM-5-SC, IPG Laser GmbH, Burbach,
Germany). To center the cell the power of one of the lasers, controlled via custom-written
Labview (National Instruments, Austin, Texas) [Stange et al., in preparation], was reduced
automatically until the cell arrived in the center of the trap. Thereafter, cells were stretched
at 0.7W per fiber for 5 s followed by a relaxation phase at trapping power of 2 s. The
temperature in the microfluidic chamber and of the cell suspension before measuring was
controlled by pumping water from a water bath kept constantly at (23.0 ± 0.1) ◦C through
a custom designed microscope stage.
Phase contrast images were recorded at 63x magnification with 30 fps using an A622f
camera (Basler, Ahrensburg, Germany) mounted on an Axiovert 40c microscope (Zeiss,
Oberkochen, Germany). The cell edge was detected with sub-pixel resolution from the
phase contrast images using custom-written Matlab software (The MathWorks Inc., Nat-
ick, MA, USA)2. The strain, defined as the ratio of the change of length of the cell’s axis
along the laser beam and the diameter of the unstretched cell, was calculated for every
image.
3.6 Cell Culture and Drug Application
3.6.1 HEK293 Wild Type and HEK293-TRPV1 Cells
HEK293-TRPV1 were kindly provided by David Julius, University of California, San
Francisco (UCSF). The introduction of the temperature activated TRPV1 ion channel
provides a inherently controllable switch for the Ca2+ signal. HEK293 wild type cells
(HEK293-wt), the same cell line without the heat activated channel, were used as a con-
trol system.
The cells were cultured at 37 ◦C in an atmosphere containing 5% CO2. Complete
growth medium consisted of Dulbecco’s Modified Eagle Medium (PAA Laboratories
1Labview software for the µOS with a trigger interface for the Leica CLSM software, custom-written by
Roland Stange
2Software detecting the cell edge for every frame, custom-written by Tobias R. Kießling
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GmbH, Pasching, Austria) containing 10% Fetal Calf Serum (PAA Laboratories GmbH,
Pasching, Austria), 1% Penicillin-Streptomycin (PAA Laboratories GmbH, Pasching,
Austria). To assure full transfection, the HEK293-TRPV1 cell line was cultured in 0.02%
solution of the selective antibiotic G418 Disulphate salt (50mg G418 salt per ml, Sigma-
Aldrich, St. Louis, Missouri), to which the cells were immunized by the transfection
process. The medium was changed every second day and cells were passaged at approxi-
mately 80% confluence.
Prior to detachment, cells were washed with phosphate buffer saline solution (PBS)
(Invitrogen Corporation, Carlsbad, California) to remove traces of serum that contains
Trypsin inhibitor. Cells were then detached by application of 1ml 0.025% Trypsin-
EDTA3 (PAA Laboratories GmbH, Pasching, Austria) for 4min. Subsequently, Trypsin
was deactivated by addition of 5ml growth medium followed by a centrifugation for 4min
at 800 rpm.
Measurements were performed with cells suspended in a Ca2+ imaging buffer (CIB)
consisting of 6mM KCl (Roth, Karlsruhe, Germany), 134mM NaCl, 1mM MgCl2,
2.5mM CaCl2, 10mM p-(+)-Glucose, 10mM Hepes (all from Sigma-Aldrich, St. Louis,
Missouri). The pH was adjusted to 7.45 with NaOH (Sigma-Aldrich, St. Louis, Mis-
souri). For Ca2+-free measurements a Ca2+-free imaging buffer (CfIB) was used replacing
the CaCl2 by 10 µM EGTA (Fluka/Sigma-Aldrich, St. Louis, Missouri).
3.6.2 Drug Loading of the Cells
For the Ca2+ imaging the fluorescent Ca2+ dye Fluo-4,AM (Invitrogen Corporation, Carls-
bad, California) [Gee et al., 2000] was used. The measurable Ca2+ concentration is in the
range of 100 nM to 1mM and the 488 nm laser of the CLSM lies inside the excitation
range of the dye.
Ca2+ chelators competitively bind Ca2+ ions inside the cell. The messenger Ca2+ is
hindered to interact with its natural binding partners such as receptors and pumps, hence,
the signal cascade is interrupted. Ca2+ dyes, such as Fluo-4, act as chelators. Additionally,
the non-fluorescent chelator BAPTA,AM (PromoCell, Heidelberg, Germany) was used in
this study [Tsien, 1980].
Fluo-4 and BAPTA were loaded into the cell using the acetoxymethyl ester form, a
membrane permeable molecule, that is de-esterified by intra-cellular esterases, activating
it and making it membrane impermeable. This way the drug accumulates inside the cell.
A stock solution of a concentration of 1 µg Fluo-4,AM per ml anhydrous dimethyl sul-
foxide (DMSO) (Fluka/Sigma-Aldrich, St. Louis, Missouri) was prepared. For the Fluo-4
measurements this stock solution was dissolved in PBS giving 1ml solution at a concen-
tration of 1 µM Fluo-4,AM. To facilitate dye loading and reduce compartmentalization
1.1 µl of a Pluronic F127 solution in 20% DMSO (PromoCell, Heidelberg, Germany)
was added. In this solution the cell pellet was resuspended by gentle pipetting. Cells were
incubated at 29-30 ◦C for 15min while gently stirred to prevent re-attachment.
For the measurements of cells loaded with BAPTA a stock solution of BAPTA,AM
was prepared in a nitrogen atmosphere to avoid decaying of the BAPTA,AM due to mois-
ture. BAPTA,AM was dissolved at a concentration of 12.5 µg per ml DMSO. The cells
were resuspended in 1ml PBS solution containing 20 µM BAPTA,AM, and 7.7 µl of the
3ethylenediaminetetraacetic acid (EDTA)
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Pluronic F127 solution in 20% DMSO. Cells were incubated at 29-30 ◦C for 30min. For
experiments performed on cells loaded with both, BAPTA and Fluo-4, additionally 1 µM
Fluo-4,AM was present during this incubation step.
After incubation the AM-ester solutions were removed by centrifugation as described
above and cells were resuspended in CIB. For Ca2+-free measurements CfIB was used. In
an other incubation step of 20-30min at 21-23 ◦C the cells were allowed to activate the
AM-esters by unspecific intra-cellular esterases.
To saturate the Ca2+ dye for control experiments elucidating the effect of temperature
on the dye itself 1 µM of the Ca2+ ionophore ionomycin (Invitrogen Corporation, Carls-
bad, California) was added to a suspension of cells in CIB loaded with Fluo-4 and BAPTA
before the start of the experiments.
The TRPV1 channel was blocked by 10 µM ruthenium red (RuR) (Sigma-Aldrich,
St. Louis, Missouri). Control experiments testing for the involvement of SACs were
performed with 10 µMGdCl3 (Sigma-Aldrich, St. Louis, Missouri). In these experiments
RuR respectively GdCl3 was present during the whole measurement.
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Chapter 4
Results
In the following chapter the results of a combination of experiments in the µOS and a
phenomenological mathematical model are presented. At first, the determination of the
temperature dynamics in the trap region during a measurement with the µOS is presented.
These results provide the basis for understanding why the temperature sensitive TRPV1
channel opens during µOS measurements. Fluorescence measurements of the Ca2+ influx
upon Optical Stretching constitute the content of the second section in this chapter. The
results of which are required for the investigation of the influence of Ca2+ on contractions
of single suspended cells described in Sec. 4.3. Subsequently, a phenomenological model
mathematically describing the strain data of actively contracting single suspended cells is
derived. This model is, in the last part of this chapter, applied to quantify the measured
strain data showing that an integration of active contractility in such a model is necessary
to describe the observed cellular strains.
The results presented in this chapter demonstrate that combined measurements and
modeling considering cellular activity provides a powerful tool to gain new insight into
non-muscular force generation and cellular adaptation to environmental stimuli.
4.1 Temperature Measurements in the Optical Stretcher
The Optical Stretcher is a unique tool to measure mechanical properties of single sus-
pended cells without mechanical contact to a measuring device such as an AFM tip or an
attached bead. The cell is trapped and manipulated by means of two divergent 1064 nm
single mode CW laser beams. While it is known that 1064 nm is close to an absorption
minimum of water [Curcio and Petty, 1951; Kou et al., 1993], it has been shown that the
heat development by the weak absorption of the 2 × 0.7W used in the µOS is of the order
of tens of degrees [Ebert et al., 2007; Gyger et al., 2011; Wetzel et al., 2011]. Ebert et al.
measured the dynamics of heating at the beginning of the stretch experiment and assumed
a linear increase with power. In this work also the cooling after the experiment and the
power dependence is investigated.
The temperature measurements are a prerequisite for the use of the TRPV1 transfected
HEK293 cells, as the power has to be adjusted such that the heat activated channel opens
during the experiments. Also for fluorescent Ca2+ imaging it is important to know the
temperature in the region in which imaging is performed, as Ca2+ binding kinetics and
quantum efficiency of the dye will in general depend on temperature.
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4.1.1 Temperature Dynamics in the µOS
The temperature dynamics of the medium in the trap region of the µOS were measured
using the method proposed by Ebert et al. [Ebert et al., 2007]. Heating during the stretch
phase and, measured for the first time, cooling after switching down the laser to trapping
power were recorded. The temperature was investigated for a trapping power of 0.1W
and stretching powers between 0.3 and 1.2W per fiber. The range of differences between
trapping and stretching power was thus ∆P = 0.2W to 1.1W (see section 3.3 for details).
Fig. 4.1 shows the result of an average of three measurements for a 5 s laser pulse of 0.7W
per fiber. During the trap phase the temperature T rises by roughly 2 ◦C, and during the
stretch phase at 0.7W per fiber by (14 ± 2) ◦C, reaching a final temperature of (39 ± 2) ◦C
[Gyger et al., 2011]. Most of the temperature change happens within tens of milliseconds
after increasing the laser power. The final temperature was reached after 0.5 to 1 s. The
temperature drop after the stretch occurs in large part also within tens of milliseconds
followed by a slower decay reaching the starting temperature after approximately 1 s to
2 s.
Figure 4.1: Temperature Dynamics of the Medium in the µOS. The figure shows
the average of three consequent temperature measurements of a 5 s stretch phase at
0.7W without a cell. The temperature of the liquid in the trap region of the µOS was
measured following the method described in [Ebert et al., 2007] recording the ratio
of the intensities of the temperature dependent dye rhoamine-B and the temperature
independent rhodamine-110. Heating and cooling occurred rapidly within tens of
milliseconds. Error bars indicate the standard error due to imaging of the fluorescence
signal and the temperature calibration. Image adapted from [Gyger et al., 2011],
© 2011 The Optical Society.
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Figure 4.2: Power Dependence of Tempera-
ture Increase in µOS. The maximal tempera-
ture in the Optical Stretcher was recorded for
laser powers between 0.3 and 1.2W. In the
graphs the temperature increase compared to a
room temperature of (23.0 ± 0.2) ◦C is plotted
versus the difference between trapping power
(0.1W) and stretching power (black dots, errors
are standard errors). The dark gray lines are the
fitted curves and the light gray lines mark the
95% confidence interval. a) A simple linear fit-
ting of the data as done in [Ebert et al., 2007] did
not lead to zero heating at zero power. b) Forc-
ing the line to cross ∆T = 0 at ∆P = 0 resulted
in an underestimation of heating at lower pow-
ers and an overestimation at higher powers. d)
A second order polynomial provided a good de-
scription of the data when forced to run through
∆T = 0 at ∆P = 0. c) When not forced through
this point the parameters were similar and the
curve led through the origin within the expected
errors. The determined values of the parameters
for each fit are shown in the table to the right,
the presented errors are the standard deviations
calculated by the least square fitting algorithm.
Fit parameters
a)
∆T = a + B1∆P
a [◦C] 0.9 ±0.2
B1 [◦C/W] 10.0 ±0.3
b)
∆T = B1∆P
B1 [◦C/W] 11.3 ±0.3
c)
∆T = a + B1∆P + B2(∆P)2
a [◦C] 0.03 ±0.22
B1 [◦C/W] 13.4 ±0.8
B2 [◦C/W2] −2.7 ±0.6
d)
∆T = B1∆P + B2(∆P)2
B1 [◦C/W] 13.5 ±0.2
B2 [◦C/W2] −2.8 ±0.3
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4.1.2 Power Dependence of Heating
To determine the power dependence of the heating, the temperature inside the trap re-
gion was determined for laser powers between 0.3W and 1.2W. The results are shown
in Fig. 4.2. Opposed to the findings by Ebert et al. [Ebert et al., 2007], the linear de-
pendence on laser power could not be confirmed. As becomes visible in Fig. 4.2a simple
linear fitting fails to meet the necessary condition that heating has to be zero at zero power.
Forcing the fit to this condition underestimates the temperature for lower powers and over-
estimates them for higher powers (Fig. 4.2b), hence a linear approximation seems to be
not adequate to fit the presented data. An additional second order term enables to fulfill
the necessary condition, as can be seen from Fig. 4.2c and d. The parameters obtained
from the fitting are shown in the table in Fig. 4.2.
4.2 Calcium Imaging in the Optical Stretcher
Calcium is one of the most important second messengers in the signal transduction cas-
cades of biological cells. Ca2+ ions are involved in numerous physiologically relevant
processes [Haddock and Hill, 2005; Lee et al., 1999; Neher and Sakaba, 2008; Whitaker,
2006]. The combination of Optical Stretching and standard Ca2+ imaging methods opens
new perspectives for investigating the role of Ca2+ in regulating cellular mechanical be-
havior.
HEK293-TRPV1 cells, a human embryonic kidney cell line transfected with the heat
activated TRPV1 channel, was loaded with the Ca2+ dye Fluo-4 and imaged with a CLSM
while being stretched. Heating during the µOS measurement, as described in the previ-
ous chapter, was shown to be enough to open the channel and triggered a pronounced
Ca2+ influx through the cation channel [Gyger et al., 2011]. This result is, on one hand,
an important prerequisite for measuring the Ca2+ dependent mechanical properties of
HEK293-TRPV1 cells. On the other hand it shows the versatility of the setup on its
own.
4.2.1 Simultaneous Optical Stretching and Ca2+ Imaging
HEK293-TRPV1 cells, were loaded with Fluo-4 as described in section 3.6.2 and Opti-
cally Stretched for 5 s at 0.7W per fiber. The fluorescence signal was recorded with the
CLSM and averaged over a circle with constant radius lying well inside the circumference
of the cell during each measurement. This way, artifacts due to size and shape changes of
the cell, when subjected to optically induced stresses, were avoided. Images of dim (low
Ca2+ concentration) and bright (high Ca2+ concentration) fluorescence signals can be seen
in Fig. 4.3.
In Fig. 4.4 typical graphs of the fluorescence signals of cells loaded with Fluo-4
(Fig. 4.4a) and cells loaded with Fluo-4 and the Ca2+ chelator BAPTA are presented
(Fig. 4.4b). Fig. 4.4c shows the fluorescence of a cell loaded with Fluo-4 and BAPTA
with 10 µM RuR, a blocker of the TRPV1 channel [Savidge et al., 2001; St. Pierre et al.,
2009], dissolved in the cell suspension during the measurement. In all three cases a rapid
decrease of fluorescence intensity immediately after increasing the laser power was visi-
ble. For the BAPTA-free case this resulted in a momentary dip, because the intensity be-
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Figure 4.3: Ca2+ Imaging in Trapped Cells in the CLSM. a, c) To avoid artifacts
due to the deformation of the cell upon Optical Stretching, the fluorescence signal
recorded by CLSM imaging was averaged over a disk lying well inside the cell indi-
cated by the gray circle. b, d) Fluorescence signal and a, c) bright-field image of a
trapped cells. The signal of the cell’s mid-plane was recorded with a confocal laser
scanning microscope. e) Time course of the averaged fluorescence signal. Image
adapted from [Gyger et al., 2011]© 2011 The Optical Society.
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Figure 4.4: Fluorescence Intensities of Single TRPV1 Transfected HEK293
Cells. The averaged fluorescence signal was recorded (see Fig. 4.3 for details).
Cells were loaded with a) 1 µM Fluo-4,AM, b) 20 µM BAPTA,AM and 1 µM Fluo-
4,AM. c) Fluorescence intensity of a cell loaded with 20 µM BAPTA,AM and 1 µM
Fluo-4,AM measured in a solution containing 10 µM ruthenium red (RuR), a blocker
of the TRPV1 channel. d) Power per fiber of the 1064 nm laser, cells were trapped
at 0.1W. Exposure to 0.7W per fiber resulted in visible deformations and significant
heating. Image adapted from [Gyger et al., 2011]© 2011 The Optical Society.
gan to increase immediately after the beginning of high laser power application (Fig. 4.3e
and Fig. 4.4a). For the experiments with cells treated with 20 µM BAPTA,AM before the
measurement, a trough extending over the whole period of high laser power application
was observed (Fig. 4.4b and c). When the laser was switched down to trapping power,
the fluorescence intensity rose as quick as it decreased when the laser was switched to
stretching power. This rapid decrease in intensity during high power application can be
explained by the temperature dependent fluorescence of Fluo-4 as will be discussed in
Sec. 5.1.2.
To demonstrate the effect of temperature changes on the fluorescence of Fluo-4 inside
the cytoplasm, a control experiment was designed as follows: cells were loaded with
Fluo-4 and BAPTA as described above. During the measurement the cells were exposed
to 1 µM ionomycin, a ionophore that transports Ca2+ ions through the plasma membrane.
This way the Ca2+ dye in the soma was saturated. Additional Ca2+ influx through ion
channels during the measurement could therefore not influence the fluorescence and the
observed changes in fluorescence were a pure effect of temperature. As can be seen in
Fig. 4.5, the fluorescence intensity of the dye decreased with increasing laser power and
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Figure 4.5: Temperature Effect on Ca2+ Dye. Cells were loaded with 1 µM Fluo-4
and 20 µM BAPTA,AM. 1 µM ionomycin, a Ca2+ ionophore, was used to let Ca2+
enter the cell and saturate the dye as well as the chelator. The application of different
laser profiles, a) a rectangular, b) a triangular and c) a saw-tooth shaped pulse, resulted
in changes in the fluorescence intensity reflecting the changes in laser power. This is a
strong indication that the intensity drop during high laser power application is caused
by the temperature increase. Image adapted from [Gyger et al., 2011], © 2011 The
Optical Society.
even reflected the different laser patterns. This supports the hypothesis that the above
described decrease in intensity during high power application results from an increase in
temperature and not from changes in Ca2+ concentration.
In RuR-free experiments a significant increase of the fluorescence intensity became
visible after the momentary dip described above. The increase was significantly steeper
for the BAPTA-free case (Fig. 4.4a) than for the cells treated with 20 µM BAPTA,AM
(Fig. 4.4b). This indicates a moderate rise of the intra-cellular free Ca2+ level for the
chelator containing case in contrast to a drastic rise in the BAPTA-free experiment. As
expected due to reduction of the temperature another steep increase could be observed
when the laser was switched down to trapping power. The second and third laser pulses in
the BAPTA-free experiment showed functionally the same characteristics as for the first
pulse, however, with decreasing amplitudes. For cells loaded with BAPTA consequent
stretches resulted in intensity patterns with basically the same amplitude. The reason
for this effect was most likely a desensitization of the channel as will be discussed in
Sec. 5.2.2.
The aim of loading the cells with 20 µM of the chelator BAPTA,AM was to test the
effect of manipulations in intra-cellular Ca2+ signal propagation on the mechanical proper-
ties of the cells. 1 µM Fluo-4,AM, also acting as Ca2+ chelator, was added to visualize the
Ca2+ during the measurement. The fluorescence intensity in the cells loaded with BAPTA
and Fluo-4 decreased after the beginning of the laser pulse. Caused by the increase in
temperature a trough in the intensity extended over the whole range of the stretch phase.
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During stretching power application the fluorescence signal gently increased, indicating
a rise in the intra-cellular Ca2+ level. At the end of the stretch phase a steep increase oc-
cured due to the drop in temperature. After that, the fluorescence intensity decayed which
occured much slower than in the cells not treated with BAPTA. A typical curve is shown
in Fig. 4.4b. In some BAPTA treated cells the Ca2+ level stayed almost constant or even
continued to increase after the laser was switched down to trapping power.
Fig. 4.4c shows a typical fluorescence intensity curve of a cell in which, additionally
to the application of BAPTA and Fluo-4, the TRPV1 channel was blocked by 10 µMRuR.
In these cells only the background of the fluorescence signal remained, indicating that no
measurable amount of Ca2+ entered the cell. Again, a trough due to the heating of the
laser was observable.
To elucidate whether SACs were involved in the Ca2+ influx, the experiments were
repeated in a 10 µM GdCl3 solution. Gd3+ is a potent, unspecific SAC blocker [Yang and
Sachs, 1989]. No significant difference to the fluorescence of untreated cells was observed
and hence an involvement of SACs could be excluded. From a theoretical point of view
this was expected as the forces in the stretcher are perpendicular to the cell surface (see
Sec. 3.2.1), hence, the parallel stress component, necessary to open SACs, is zero.
4.2.2 TRPV1 Heat Activation by Optical Stretching
The data presented in Fig. 4.4 clearly shows a Ca2+ influx into HEK293-TRPV1 cells
upon Optical Stretching, that can be inhibited by BAPTA and RuR. To ensure that heat
activated the TRPV1 channel in the µOS, control experiments were performed placing a
cell approximately 20 µm underneath the trap region. Increasing the power to 0.7W per
fiber did not result in a Ca2+ influx, however, at 1.0W a strong Ca2+ wave was produced.
As argued in Sec. 5.2.1, this result underlines the interpretation that the heat development
during the µOS measurements was responsible for TRPV1 activation.
In a control experiment the temperature of the setup was reduced. For a setup temper-
ature below (20 ± 1) ◦C for most of the cells no increase in fluorescence intensity during
Optical Stretching was observable. When measured at different laser powers the prob-
ability that a Ca2+ signal was visible upon Optical Stretching decreased significantly at
powers below 0.7W. For powers higher than 0.7W all measured cells showed a Ca2+ in-
flux. Also the intensity of the signals decreased with decreasing laser power. A further
quantitative analysis of these experiments was, however, not possible, as the influence of
differences in dye loading, an intrinsic difficulty of the loading method, and noise in the
system exceeded the signal for low laser powers. Fig. 4.6 shows examples of fluorescence
signal for laser powers between 0.3W and 1.2W.
For measurements at 0.4W per fiber and less (4.6a,b) hardly any Ca2+ influx was
measurable. At 0.5W most of the cells showed a weak increase in fluorescence intensity
upon Optical Stretching (4.6c). Starting form 0.6W the intensity amplitudes produced
by consequent laser pulse applications were strictly decreasing (4.6d-h), which was not
the case for 0.5W. At 0.7W and above all of the measured cells responded with a rise
in intra-cellular Ca2+. For 1.0W and 1.2W the intensity increase was very steep at the
beginning of the stretch phase followed by a decrease already during the stretch phase
(4.6g,h). At the same time the effect of decreasing amplitudes became more pronounced.
For 1.2W no Ca2+ influx was detectable for the second and the third pulse.
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Figure 4.6: TRPV1 Activation in Dependence on Laser Power. Fluorescence
signals recorded in Fluo-4 labeled HEK293-TRPV1 cells with the CLSM while mea-
sured in the µOS at laser powers between 0.3W and 1.2W. The graphs are normalized
to the highest fluorescence intensity in each image sequence. a,b) For very low pow-
ers no Ca2+ influx was measurable. c) At 0.5W first small signals were observable.
The example shows one of the cells with a rather low signal. At this power some cells
already showed a more pronounced Ca2+ influx. d-f) Between 0.6W and 0.8W the
characteristics of the fluorescence intensities were similar, consequent laser pulses
resulted in decreasing intensity amplitudes. g,h) At very high laser powers the inten-
sity decreased already during the stretch phase. The effect of decreasing amplitudes
became stronger. h) For 1.2W no second Ca2+ influx was measurable. The intensity
of the fluorescence signals increased with increasing laser power. Due to the normal-
ization for better comparability of the patterns, this is not evident from the images.
As the absolute fluorescence depended on dye loading the brightness had to be ad-
justed for every cell, therefore, the dependence of the maximal intensity could only
be observed qualitatively. i,j) Applied laser pattern with Pmax referring to the power
displayed in the images, respectively.
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Figure 4.7: Examples of Fluorescence Signals Without External Ca2+ Influx.
a-c) TRPV1 channel was blocked by 10 µM RuR. d-f) HEK293-TRPV1 cells mea-
sured in Ca2+-free imaging buffer (CfIB). In both cases no external Ca2+ entered
the cell, still a pronounced Ca2+ signal was visible in roughly 2/3 of the cells.
b, e) Examples of cells not showing an increase in internal Ca2+ signaling upon Op-
tical Stretching. These results can be explained by release from internal Ca2+ stores.
c, f) Unlike the cases in which external Ca2+ entered through the plasma membrane,
the intensity of the pulses was not strictly decreasing for consequent pulses. This con-
firms that desensitization of the TRPV1 channel explains the decrease in Ca2+ influx
for the second and third laser pulse. g, h) Applied laser power per fiber.
Further controls using a solution containing the TRPV1 channel blocker RuR as well
as experiments in Ca2+-free imaging buffer were performed. In both cases the Ca2+ signals
were changed significantly compared to the measurements in which an influx of external
Ca2+ was allowed. Examples of fluorescence signals for RuR treated cells and cells sus-
pended in CfIB are shown in Fig. 4.7. In approximately 30% of the cells no measurable
intra-cellular free Ca2+ elevation could be observed (Fig. 4.7b,e). Unexpectedly, approx-
imately 70% of the cells still showed an increase in the Ca2+ level, that originated from
internal stores. As mentioned above for cells measured at 0.5W and above with influx of
external Ca2+ through the TRPV1 channel all of the consequent stretching power applica-
tions resulted in decreasing amplitudes of fluorescence intensities. Roughly 40% of the
cells without influx of external Ca2+ had a similar fluorescence signature upon three con-
sequent high laser applications (Fig. 4.7a,d). However, for the remainder, approximately
30% of cells without influx of external Ca2+, the amplitude of the fluorescence signals
from three consequent laser pulses did not decrease. Furthermore, hindering free internal
Ca2+ diffusion by BAPTA in cells measured in CfIB inhibited the rise in intra-cellular
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Ca2+ completely and the intensity curves looked similar to those seen when BAPTA and
RuR were co-applied.
Measurements of the strain of HEK293 cells treated with different Ca2+ manipulating
drugs upon stretching are presented in detail in Sec. 4.3. The results from the Ca2+ imag-
ing measurements are an important prerequisite to be able to judge correlations of Ca2+
influx with changes in the mechanical properties of the cell.
4.3 Active Cellular Contractions
The goal of the experiments presented in this section was to investigate contractions of
single cells without adhesions to a substrate or a neighboring cell. In this context, the
finding that the heating by the µOS sufficed to activate the heat activated TRPV1 ion
channels (Sec. 4.1 and Sec. 4.2) opened the possibility for investigating the influence of
Ca2+ on cellular mechanics and the observed contractions. In conjunction with the drugs
tested in the experiments presented in Sec. 4.2.1 the HEK293-TRPV1 cell line constitutes
an excellent model system for this task as it provides a controllable switch for triggered
entry of extra-cellular Ca2+.
4.3.1 Single Suspended Cells Contract in the µOS
In the µOS changes in momentum of the laser light cause a stress pointing outward and
normal to the cell surface (see Sec. 3.1.2 and Sec. 3.2.1). Passive, purely viscoelastic
objects would elongate as long as an external stress is applied. A cell that exerts an active
contractile force on its surface, counteracts this externally applied stress which results in
a lower strain than without contractile force. If the contractile force per unit surface area
exceeds the external stress, the cell visibly contracts and the derivative of the strain versus
time becomes negative.
In this study, cells were measured in the µOS for 5 s with 0.7W per fiber while
recorded with optical video microscopy with 30 fps. The strain of the cells along the
direction of laser propagation was determined from every frame. In Fig. 4.8 sets of strain
curves for HEK293-wt and HEK293-TRPV1 are shown. For both experiments two ex-
amples of cells that visibly contract during the stretch phase are highlighted. Most of the
strain curves of cells that show a visible contraction have a maximum between t = 1 s
and t = 3 s. In the µOS the stress is proportional to the laser power, which is constant
during the stretch phase (see Sec. 4.4). The extremum in the strain must therefore arise
from a force on the cell surface that increases during the course of the experiment. In the
phenomenological mathematical model derived in Sec. 4.4 this force was approximated
by a linearly increasing stress term. It is obvious from the data shown in Fig. 4.8 that
not all cells contracted and that the strength of the contractions varied. By the aid of the
phenomenological model introduced in Sec. 4.4 a quantification of this effect was reached.
4.3.2 Ca2+ Influences Cellular Contractions
As introduced in Sec. 2.1.3 and Sec. 2.1.4, Ca2+ is one of the most important second
messengers and it has been shown to be involved in contractile processes in cells. In
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Figure 4.8: Contractions of Suspended Cells. Sets of strain curves from a)
HEK293 wild type cells (HEK293-wt) and b) HEK293 cells transfected with the
TRPV1 channel (HEK293-TRPV1) measured in the µOS for 5 s at 0.7W per fiber.
The curves highlighted in black are examples of cells showing a contraction against
the externally applied step stress. As the stress in the µOS is constant during the
stretch phase and the strain shows a maximum the active cellular force causing the
contraction has to be growing during the experiment. It is obvious that not all cells
visibly contracted.
this context it makes sense to investigate its influence on the contractions described in
the previous section. To this end, HEK293-TRPV1 cells were measured in combination
with Ca2+ manipulating drugs. As demonstrated in Sec. 4.2.1 RuR blocks the Ca2+ entry
through the TRPV1 channels and the chelator BAPTA competitively binds internal Ca2+
ions; hence using a combination of 20 µM BAPTA,AM and 10 µM RuR the Ca2+ signal
can be blocked almost completely (Fig. 4.4c).
The strains after 5 s stretching power application for untreated cells and cells treated
with the Ca2+ drugs are shown in Fig. 4.9. In Fig. 4.9a the medians of the strain distri-
bution with 95% CI and quartiles are presented. The type of distribution is unknown. In
order to obtain a measure for the significance of differences in the distributions the 95%
CI was calculated with the bootstrap method [Efron and Tibshirani, 1994].
With decreasing Ca2+ influx the strain increased. Application of the chelator BAPTA
resulted in small but insignificant changes in strain; inhibiting the Ca2+ influx from the
surrounding medium by blockage of the TRPV1 channel with RuR already had a larger
effect on the deformation. The median of strain of the untreated cells lay outside the
95% CI of the cells treated with both RuR and BAPTA and vice versa. This indicates
a probability of more than 95% that the distributions of both measurements differed.
Furthermore the skewnesses of the distributions were different: the strain distribution of
the cells with high Ca2+ influx (untreated) was left-tailed, i.e. it had a negative skewness.
The left tail reaches below zero, hence, pronounced contractions were visible (Fig. 4.9b).
For cells in which either Ca2+ influx was blocked by RuR or the free diffusion inside
the cell was hindered by BAPTA the distribution of the strain was rather symmetric with
only a few strongly contracting cells (Fig. 4.9c, d). When the Ca2+ signal was almost
completely blocked by co-application of blocking and chelating agents the distribution
became right-tailed, no contractions below the initial elongation occured and a long tail
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Figure 4.9: Strain Distributions of HEK293-TRPV1 Cells in the µOS. The cells
were stretched for 5 s with 0.7W per fiber: median (black line) of each of the
µOS measurements with 95% confidence interval (CI) calculated with the bootstrap
method (doted black line) and quartiles (light gray area). a) Overview of the medi-
ans with CI and quartiles: the dark gray line indicates the median of the experiment
with untreated HEK293-TRPV1 cells. If a median is outside the 95% CI of the other
distribution the probability that the medians are different is larger than 95%. (b–i)
Histograms (dark gray) of the distributions of strains after 5 s stretch. The dashed
black line marks the zero strain, i.e. strains below this value indicate contractions that
deform the cell below its original elongation. Blocking the Ca2+ influx through the
TRPV1 channel with RuR and chelating the resting Ca2+ with BAPTA increased the
strain as contractions are less pronounced (b–e). Image adapted from [Gyger et al.,
2012]
to large deformations became visible (Fig 4.9e). A sequence of images for a strongly
contracting and a passively extending cell can be found in Fig. 4.10.
An application of 10 µM GdCl3, a known blocker of SACs, did not have a significant
effect on the strain distribution. This excludes the involvement of SACs in Ca2+ influx
(Fig. 4.11b). A second control experiment with the amount of DMSO as used for the
BAPTA experiment did not produce significant changes either, proving that no artifacts
originating from the usage of DMSO caused the observed effects (Fig. 4.11c). When
measured in CfIB, i.e. without external Ca2+, a part of the contractions were suppressed
similar to the effect in RuR treated cells. Most likely caused by a slightly differing osmo-
larity due to the lack of Ca2+ ions the overall strain of the cells in this control experiment
were much lower than for cells in the usual Ca2+ imaging buffer (Fig. 4.11d).
In a control experiment BAPTA and RuR were applied to untransfected HEK293-wt
cells. Treatment with 20 µMBAPTA in the absence of Ca2+ influx through the ion channel
did not have a significant influence on the strain distribution. Hence, BAPTA treatment did
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Figure 4.10: Passively Extending and Strongly Contracting HEK293-TRPV1
Cell a-c) Example of a passively extending cell. d-f) Example of strongly contracting
cell. The cells are shown at at 0 s, 4 s and 8 s, respectively. The green line shows
the initial edge position and the blue line the momentary edge. The red graph is the
power of the laser.
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Figure 4.11: HEK293-TRPV1 Control Experiments. a) Untreated, b) cells sus-
pended in 10 µM GdCl3 to block SACs, c) application of the same amount of DMSO
as for the BAPTA,AM experiments d) cells suspended in Ca2+-free imaging buffer
(CfIB). Neither GdCl3 nor DMSO had an effect on the cellular mechanical proper-
ties. The strain of cells measured in CfIB was significantly lower and its distribution
narrower than for measurements in CIB. This was most likely caused by a different
osmolarity due to the lack of Ca2+ ions.
Legend: median of strain (black line), CI calculated with the bootstrap method (doted
black line), quartiles (light gray area), and histogram (dark gray). Image adapted from
[Gyger et al., 2012].
not disassemble cytoskeletal filaments as reported in [Saoudi et al., 2004], which would
lead to a drastic softening of the cells. As shown in Fig. 4.12a and 4.12c the application of
10 µMRuR did also not result in a significant change in the strain distributions, confirming
that the TRPV1 blocker did not produce any unwanted side-effects. The effect observed
in HEK293-TRPV1 cells, thus, was induced by the effect of the applied drugs on the Ca2+
signaling (Fig. 4.9).
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Figure 4.12: HEK293 Wild Type Control Experiments. a) Untreated, b) treated
with 20 µM BAPTA,AM to block internal Ca2+ signaling, and c) treated with 10 µM
RuR to test whether the substance itself had an effect on cellular mechanical proper-
ties. While there seemed to be a small difference in strain between the BAPTA treated
and the RuR treated cells none of the measurements showed a significant difference
in the strain compared to the untreated HEK293-wt cells, confirming the assumption
that Ca2+ influx through the TRPV1 channel during optical stretching influences the
contractions. Legend: median of strain (black line), CI calculated with the bootstrap
method (doted black line), quartiles (light gray area), and histogram (dark gray). Im-
age adapted from [Gyger et al., 2012].
4.4 The Phenomenological Mathematical Model
Cells exist in a state far from equilibrium continuously consuming energy in form of ATP.
In the previous section contractions of suspended cells were investigated. For a complete
phenomenological description of cellular material properties the integration of active force
generation into the theory is necessary. This requires the identification of the leading term
of active cellular contractions. In the following, the derivation of such a descriptive model
by including contractions into the constitutive stress-strain relation is presented.
To derive a model which incorporates cellular contractions, the ansatz fromWottawah
et al. [Wottawah et al., 2005a,b] was extended by a term representing an active force
exerted by the cell on its surface. Solving the general constitutive equation [Tschoegl,
1989], an analytic description of the strain in the µOS was obtained. The activity term
was shown to be both necessary and sufficient to describe the experimentally observed
contractions.
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4.4.1 Constitutive Equation
Below the viscoelastic limit cells stretched in the µOS behave as a linear viscoelastic
material. The general equation linking the time dependent stressσ(t) and strain γ(t) is thus
given by the general constitutive equation for a linear viscoelastic material with constant













Following the arguments of Park et al. [Park and Schapery, 1999], a sufficiently good
description is given taking into account the first order term for the applied stress and up











As there is no initial strain we have γ(t = 0) = 0; furthermore the stress is zero for
t > t1. We can also assume that the material reaches a new quasi-static confirmation after
an infinite time, hence:
lim
t→∞











We get for the limit t → ∞ using σ(t) = dσ(t)dt = 0 ∀ t > t1:
a0 · const. = 0 ⇒ a0 = 0 .











This leads to the mechanical model diagram called three-parameter Poynting-Thomson
model which was described in Sec. 2.2.1.
In the µOS cells get trapped at 0.1W, which is enough to hold the cells if the flow
in the microfluidic channel is completely stopped. The “stretching power”, i.e. between
0.3W and 1.2W for the experiments in this work, is applied between t0 and t1. The force
acting on the surface of a cell due to the “trapping power” before and after the stretch
is not enough to produce a visible deformation even if the cell is held for a long time.
The stress caused by the trapping power during “trap phase”, i.e. at t < t0 and during the
“relaxation phase”, i.e. at t > t1, can therefore be neglected. Thus, the stress exerted by
the laser on the cell surface is a step stress that can be described as a multiplication or
subtraction of Heaviside step functions Θ:
σlaser(t) = FG σ0Θ(t)Θ(t1 − t) = FG σ0 · [Θ(t) − Θ(t − t1)] . (4.4)
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The geometric factor FG (see Eq. (3.6) in Sec. 3.2.2) is a constant accounting for the
influence of the trapped cell’s geometry to its strain. σ0 is the peak stress in direction of
the laser axis. In order to describe the active contractions of the cell against the optically
induced stress, we include an active force of the cell acting on its surface. The resulting









As there is no initial force, the zeroth order of active cellular stress is zero. We furthermore
assume that the stress exerted by the cell is zero at σ(t) = 0, i.e. at t < 0 and at t > t1.





where the minus sign assures that A is positive when the cell contracts, we obtain:
σcell(t) = −A · t · Θ(t)Θ(t1 − t) . (4.7)
The total stress acting on the cell surface is thus given by:
σ(t) = σlaser(t) + σcell(t)
= (FG σ0 − A · t) · Θ(t)Θ(t1 − t)
= (FG σ0 − A · t) · [Θ(t) − Θ(t − t1)] . (4.8)
















































σ(t) dt + b1σ(t) . (4.9)
Applying Eq. (4.8) and defining F ≔ FG · σ0 gives:∫ t
−q
σ(t) dt = F
∫ t
−q
Θ(t) dt − F
∫ t
−q




Θ(t)t dt + A
∫ t
−q
Θ(t − t1)t dt







AΘ(t − t1)(t2 − t12) ; (4.10)





= FΘ(t)t − FΘ(t − t1)(t − t1)







AΘ(t − t1)(t2 − t21)
−b1AΘ(t)t + b1AΘ(t + t1) . (4.11)
This differential equation can be solved by variation of constants for phases I (t < 0),
II (0 < t < t1), and III (t > t1). Solutions were obtained using Wolfram Mathematica 7.0
(Wolfram Research Inc., Champaign, USA).
4.4.2 Solution
Phase I: Trap Phase, t < 0
As stated above, for t < 0 the strain is assumed to be constantly zero, because there is
no external stress acting on the cell surface. The force parallel to the direction of laser
propagation is small at the trapping power of 0.1W and can be neglected.
Phase II: Stretch Phase, 0 < t < t1













































Phase III: Relaxation Phase, t > t1










Figure 4.13: Modeled Stress and Strain Over Time for Different Values of the
Activity Parameter A. The parameters a1, a2, and b1 were set to the median obtained
from the measurements of all measured untreated HEK293-TRPV1 cells. a) Step
stress exerted by the µOS (black) and sum of stresses exerted on the cell surface
(gray) as described in Eq. (4.8) for A/Pa s−1 = 1.0, 2.0, 3.0, 4.0, respectively. For
high A the stress on the cell surface becomes negative. b) Resulting cellular strain
calculated with Eq. (4.13) and Eq. (4.14). For higher activities the strain decreases.
Negative slopes of the graph indicate visible contractions. While the theory describes
the strain behavior for t < t1 well, it fails for t > t1. Image adapted from [Gyger et al.,
2012]







































Eq. (4.13) was fit to the strain in the stretch phase of each individual cell. Graphs of the
strain γ(t) for typical values of the fit parameters can be seen in Fig. 4.13. An increase in
the activity parameter A results in a decrease of the strain. For high values of A this causes
visible contractions, e.g. a strain with a negative slope. If the active cellular force ceases
immediately when the external stress is switched off, a visible contraction of the cell leads
to an extension during the relaxation phase (lowest two graphs in Fig. 4.13). This turned
out to be a too strong assumption, as shown in Sec. 4.5.1. The material does not relax
passively when the external stress ceases. However, a more accurate description of the
relaxation phase would require at least one more fit parameter and knowledge about how
the forces exerted by the cell decay after the end of external stress application. Therefore,
the application of the model was restricted to the measured strain for region II (0 < t < t1).
The values obtained by fitting Eq. (4.13) were inserted into Eq. (4.14) to produce the
graphs shown in Fig. 4.13.
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4.5 Application of the Model to Cellular Strains
The model derived in the previous section enables a quantification of the strain data
measured with the µOS. Other than the bottom-up theoretical approaches presented in
Sec. 2.2.6 it is not based on specific assumptions of cellular processes but complete phe-
nomenological in nature. This opens the possibility of an unbiased view on cellular me-
chanics without a priori assumptions of processes causing the observed contractions. In
this section the application of the model to strain data measured in the µOS will be pre-
sented, shading further light on the observed contractions and the role of the second mes-
senger Ca2+ in the underlying processes.
4.5.1 Fitting the Phenomenological Model
To investigate the influence of active processes on the measurement of mechanical prop-
erties the phenomenological mathematical model introduced in Sec. 4.4 was fitted to the
measured strain during the stretch phase (0 < t < t1). Fitting was performed using the
non-linear least square fitting algorithm of Matlab, weighted with the inverse square of
the interquartile distance, which grows with time due to the spread of the strain distribu-
tion. In this way a more reliable fitting at the beginning of the stretch phase was reached
accepting a larger deviation between fit and measurements towards the end of the stretch.
The procedure is reasonable as deviations from the assumption of a linearly increasing
cellular stress should have a larger effect towards the end of the stretch phase than at the
beginning.
Calculations of the geometric factor FG rely on the assumption that only the actin
cortex contributes to the deformation [Wottawah et al., 2005a,b]. While this hypothesis
could not be proven entirely up to now, and secondly, the determination of the thickness
of the actin cortex during stretching by fluorescence labeling gives only rough estimates,
a parameter sweep on F ≔ FGσ0 was performed. As F is not independent of the fit
parameters a1 and a2, it was not an option to fit with F as an additional parameter.
An estimate of F was calculated as follows: assuming simple geometric optics and
neglecting the effect of multiple internal reflections the peak stress σ0 along the direction
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where n1 is the refractive index of the medium in which the cells are suspended and n2
the refractive index of the cell. R is the reflection coefficient and c the speed of light. The
maximal light intensity in the center of the two-Gaussian-beam-trap is given by




where Ptotal is the power of each to the two lasers and ̟ the beam half width. The reflec-
tion coefficient at the beam axis perpendicular to the cell surface is given by [Demtro¨der,
2004]







The refractive index of the culture medium is assumed to be that of water for a wavelength
of λ = 1064 nm, hence n1 = nmed ≈ nH2O = 1.324 [Daimon and Masumura, 2007] and the
refractive index of cells is n2 = ncell = 1.372 ± 0.04 [Guck et al., 2005]. The reflections
at the cell surface were ignored for the calculation as the reflection coefficient R is of the
order of 10−4.
To calculate the beam half width several steps have to be considered. The beam exits
the optical fiber that has a mode field radius of ̟0 = 3.1 ± 0.1 µm, next it passes through
a region of index matching gel with length zgel = 20.55 ± 0.24 µm and refractive index
ngel = 1.4646, then it enters the capillary wall made of borosilicate with a refractive index
of nglass = 1.606 ± 0.0011 and thickness zglass = (40 ± 1) µm. Finally, it propagates for
zmedium = (40 ± 4) µm through the culture medium with refractive index nH2O = 1.324 to











The half width of the Gaussian beam profile of the TEM00 mode of a source with radius












is the Rayleigh length. This gives an estimation for the beam half width of ̟ = (8.1 ±
0.6) µm. Inserting Eq. (4.19) into Eq. (4.16) results in a maximal intensity of the beam of
Imax = (13 ± 2)mW/µm2, and from Eq. (4.15) the peak stress is determined to (4 ± 2) Pa.








where the cell radius r0 was measured to 8.46± 0.2 µm. For the Poisson ratio µ a value of
0.45 was assumed and the thickness h of the actin cortex, assumed to determine most part
of the cellular stiffness, was estimated to be (11±5)% of the cell radius, leading to a form
factor of (2.9 ± 3.3). Based on these estimates a value for F of 11.8 Pa was calculated.
The parameter sweep was performed fixing F to values between 2.5 Pa and 32 Pa,
corresponding roughly to an actin cortex thickness between 16% and 5%, respectively.
The median of the correlation parameter r2 that provides information about the goodness
of the fits was recorded for every value of F. Results of the parameter sweep are shown
in Fig. 4.14. Neither the quality of the fits nor the distinguishability of the investigated
strains depended on the choice of F because the dependent parameters compensated the
effect. The findings of relative measurements are hence independent of the choice of F.
It turned out that for some graphs the fit parameters did not converge. Each of the
parameters was therefore restricted to a multiple of its median calculated from unrestricted
1obtained from: http://refractiveindex.info/?group=GLASSES&material=BK7
4.5 Application of the Model to Cellular Strains 77
Figure 4.14: Parameter Sweep for F. The strain of untreated HEK293 cells and cells
treated with 10 µMRuR and 20 µMBAPTAwas fitted fixing the parameter F ≔ FGσ0
to values between 2.5 and 32 Pa. Neither the median of the correlation parameter r2
(a) nor the number of cells that had to be excluded (b) varied significantly within this
range. c) Minimum of the Wilcoxon rank sums of the parameters a1, a2, and b1. For
none of the F-values the rank sum of any of these passive material parameters came
close to the 0.05 significance range (dotted black line) indicating that independent
of F the distributions of these parameters were indistinguishable. c) Wilcoxon rank
sums of the activity parameter A for strains of cells treated with RuR and BAPTA
compared to untreated cells. The value lies well below the 0.05 significance range for
all F. The comparability of different experiments hence is independent of the choice
of the form factor FG. Image adapted from [Gyger et al., 2012].
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Figure 4.15: Examples of Fits to the Strain of Untreated HEK293-TRPV1 Cells.
Examples with different values for the activity parameter A were chosen. From top to
bottom: A/Pa · s−1 = 0.0004, 1.55, 3.4, and 6.8. For 0 < t < 5 s, the theory describes
well the measured strains. For t > 5 s the graph was plotted with the parameter set
obtained from the fit for 0 < t < 5 s. It becomes obvious that the deviations in the
relaxation phase were large for all cases indicating that the assumption of a passively
relaxing material failed. Image adapted from [Gyger et al., 2012]
fits. If the correlation parameter r2 from the least square fitting reached a value below 0.7
or if one of the parameters was fixed to the boundary by the algorithm fitting was repeated
using the robust fitting least absolute residual method (LAR). This procedure recovered
17.1% of the cells. In cases in which the fit still diverged or produced a correlation
parameter r2 below 0.7 the cell was excluded from the analysis, this was the case in 11.5%
of all cells. Examples of curves fitted to measured strains are presented in Fig. 4.15.
An experiment testing the applicability of the model under varying boundary condi-
tions was designed as follows: HEK293-TRPV1 cells were measured with the automated
setup as described in Sec. 3.5. For every individual cell the software chose a laser power
at random from the values 0.5, 0.6, 0.7 or 0.8W. In this way the amplitude of the step
stress was varied without changing any other condition during the measurement, such as
cell changes originating from cell culture. To acquire the data of a sufficiently high num-
ber of cells the measurement was repeated four times. The measured strain curves were
fitted individually with Eq. (4.13) to obtain the distributions of the activity parameter A,
which is shown in Fig. 4.16. The theory fitted equally well to all strain data at every of
the tested laser powers.
As visible in the data, at a laser power of 0.5W per fiber the fraction of non-active
cells, i.e. with an activity close to zero, was approximately 32% 4.16a). For 0.6W this
value was already at roughly 23% 4.16b) and droped to approximately 18% for 0.7W
and 0.8W 4.16c,d). Heating in the trap during Optical Stretching depends on the laser
power as shown in Fig. 4.2. As described in Sec. 4.2.2 and in [Gyger et al., 2011] for
powers below 0.7mW significantly less Ca2+ influx is expected as the necessary tempera-
tures to open the TRPV1 channel are not reached. Given the observation that the activity
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Figure 4.16: Activity Parameter A at Different Laser Powers. The strain of
HEK293-TRPV1 was measured in the µOS at laser powers between 0.5W and 0.8W.
It was fitted with Eq. (4.13) of the previously derived phenomenological model to
obtain the activity parameter A. At 0.5W, TRPV1 channels are not expected to open
while at laser powers of 0.7W a pronounced Ca2+ influx was observed (see Sec. 4.2.2
[Gyger et al., 2011]). The fraction of non-active cells, i.e. with A ≈ 0, was approxi-
mately twice as high for measurement with the lowest power as with 0.7W and 0.8W
correlating with the Ca2+ influx. These findings show that the model predicts the ex-
pected behavior even under altered boundary conditions, namely, a variation of the
stress. Furthermore, it confirmed the observation that Ca2+ is involved in the signal
cascade leading to contractions in the cell. Image adapted from [Gyger et al., 2012].
parameter correlates with the Ca2+ influx, a rise in activity with increasing temperature is
expected. This coincides with the predictions of the model, confirming its validity under
different boundary conditions, namely, altering the external stress. On the other hand,
taking the model for granted, the results confirmed the correlation between Ca2+ influx
and a decrease in cellular strain, presumed to be caused by enhanced contractions.
4.5.2 The Activity Parameter Correlates with Contractions
The parameters a1, a2, and b1, that describe the passive behavior, and the activity param-
eter A were determined by fitting of Eq. (4.13) to the measured strain for every cell. The
distributions are presented in Fig. 4.17. As can be seen from the figure, the distributions
of the fit parameters were highly non-Gaussian and had different skenesses, hence, neither
the Student’s t-test nor standard error calculation were applicable. In order to asses the
significance of the differences in the distributions two independent methods, which do not
require a knowledge of the type of distribution, were applied. First, a 95% CI was calcu-
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Figure 4.17: Distributions of the Fit Parameters a1, a2, b1, and A. a1–d3) The pas-
sive material properties did not change when Ca2+ singling was manipulated by RuR
and BAPTA. a4–d4) The distributions of the activity parameter A showed significant
differences when Ca2+ was suppressed. Image adapted from [Gyger et al., 2012].
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Figure 4.18: Histogram of the Activity Parameter A. The histogram is normalized
with the total number of measured cells in the experiment (gray). The solid black
line indicates the median and the dotted black line the 95% CI calculated with boot-
strapping. a) Untreated, b) Ca2+ blocked with 10 µM RuR and 20 µM BAPTA. While
all other fit parameters had indistinguishable distributions (see Fig. 4.17), differences
of the distributions can be explained by the cell’s active stress. The percentage of
non-active cells (A ≈ 0) was higher for the case where Ca2+ was blocked (b). Image
adapted from [Gyger et al., 2012].
lated with bootstrapping [Efron and Tibshirani, 1994]. In brief, bootstrapping assumes the
measured distribution as the correct one and calculates the desired quantity by generation
of a given number of artificial data sets that follow the assumed distribution. From these
generated data sets a CI for the desired quantity can be obtained. Secondly, a Wilcoxon
rank sum test was applied [Mann and Whitney, 1947]. The test checks for the hypothesis
that one of the distributions tends to have larger values than the other. It is positive if
the probability value p is below 0.05. In this case the probability that the distributions
differ is higher than 95%. The results of these two tests do not necessarily coincide as
their assumptions and possible errors are not the same. Bootstrapping compares only the
medians, the rank sum test also takes into account the shape of the distribution, hence pro-
viding a better basis for the judgment of differences in the distributions. Contradictions in
the outcome of the two methods illustrate the complication in assessing the significance
of the differences in the measurement.
For the passive material parameters a1, a2, and b1 of the experiments (Fig. 4.17a1–d3)
all rank sum tests were negative and the 95% CIs overlapped, hence, for the passive
mechanical properties of the measured cells no significant difference was observable. For
the distributions of the activity parameter A (Fig. 4.17a3–d3) this was not true. The fraction
of cells that had an activity close to zero was about 18% for the untreated cells and rose
with increasing blockage of the Ca2+ signal. For the cells treated with 10 µM RuR and
20 µM BAPTA the non-active fraction reached almost 30%. Also in the cells showing
a contraction a difference was observable: with decreasing Ca2+ influx the contractions
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became weaker. Both effects were represented in the shift of the median. A juxtaposition
of the distributions of A for untreated cells and cells treated with both RuR and BAPTA
can be seen in Fig. 4.18. Applying the Wilcoxon rank sum test to these two distributions
a p-value of p = 0.00088 indicates a clear significance of the difference. Also, neither of
the medians lay within the CIs of the median from the other distribution. The observed
differences in strain can thus be explained by differences in the active behavior of the cells.
A blocking of the Ca2+ signal increased the percentage of cells with A ≈ 0 and decreased
the number of highly active cells as well as their maximal activity.
Neither the SAC blocker GdCl3 nor DMSO in the same concentration as used for
20 µM BAPTA application had an effect on the activity (Fig. 4.19). For cells suspended
in Ca2+ free buffer the number of non-contractile cells is larger than 30% (Fig. 4.19).
As presented earlier the CfIB had an effect on the passive material properties, too. Most
likely the buffer had a different osmolarity due to the lack of Ca2+ ions in the solution. This
effect would influence the passive material properties as the cell gets osmotically swollen
and stiffens. It does, however, not explain the higher amount of non-contractile cells. This
experiment therefore gives further evidence that influx of Ca2+ increases the number cells
that contract when subjected to the external strain in the µOS. As Ca2+ is depleted also
from internal stores this effect is expected to be stronger for cells in Ca2+ free suspension
than under the application of the TRPV1 blocker RuR which was confirmed by the data
(compare Fig. 4.17c4 and Fig. 4.19d).
In wild type cells neither the application of BAPTA nor of RuR produced any signifi-
cant change in the activity (Fig. 4.20. This observation confirmed again that the influence
of RuR solely originated from channel blockage and that BAPTA did not have unwanted
side effects such as cytoskeletal depolymerization.
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Figure 4.19: Activity Parameter A of HEK293-TRPV1 Control Experiments.
a) Activity parameter of untreated HEK293-TRPV1 cells. b) 10µ˙M GdCl3 did not
have a significant effect on the distribution of A, excluding the involvement of SACs
in the Ca2+ influx. c) When the concentration of DMSO, that had to be used for an ex-
periment with 20 µM BAPTA was present in the cell suspension, no difference to the
untreated cells was visible, confirming that the DMSO did not produce unwanted side
effects. d) Lack of external Ca2+ changed the distribution of the activity parameter A
similarly to the effect of blocking the TRPV1 channel with RuR (compare Fig. 4.17).
Image adapted from [Gyger et al., 2012].
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Figure 4.20: Activity Parameter A of HEK293 Wild Type Control Experiments.
Chelating internal Ca2+ with BAPTA had no measurable influence on the activity of
the cells. b) When no channels were present the TRPV1 channels blocker RuR had
no significant influence on the activity. Image adapted from [Gyger et al., 2012].
Chapter 5
Discussion
In the following chapter the results of the measurements presented previously will be
interpreted and, if procurable, set into context with previous results from other studies. At
first the effect of laser induced heating on cellular mechanics and on the imaging of Ca2+
is presented. In the second section the TRPV1 channel opening is discussed in detail,
depicting its usability for experiments in the µOS. The last section of this chapter covers
the findings obtained with HEK293-TRPV1 cells as a model system for the investigations
of the influence of Ca2+ on cellular mechanical properties in the µOS in conjunction with
the application of the phenomenological mathematical model.
5.1 Effects of Laser Induced Heating
Knowing the temperature during the measurement in the µOS is important for various
aspects of the presented measurements. At first, heat activates the TRPV1 channel. On
the other hand, it has also important implications on the mechanics of the investigated
cells, and on the fluorescence of the dye used to visualize the Ca2+ influx. In this section
the influence of the laser induced heating on cellular mechanics and on the Ca2+ imaging
is discussed and put into context with previous work of other authors.
5.1.1 Effect of Heating on Cellular Mechanical Properties
In the presented work the temperature dynamics during and after the stretch phase was
measured by the method proposed by Ebert et al. [Ebert et al., 2007]. It was shown that
the temperature increases non-linearly with laser power. Starting at room temperature the
application of a laser power of 0.7 W per fiber resulted in a rise in the temperature of
the trap region by (16 ± 2) ◦C, to a final temperature of (39 ± 2) ◦C [Gyger et al., 2011].
The major part of the temperature changes happened within tens of milliseconds after an
increase or decrease of the laser power.
Earlier measurements of the heat development in the medium inside the trap region of
the µOS by Ebert et al. revealed a linear temperature increase of (13 ± 2) ◦C/W per fiber
within milliseconds [Ebert et al., 2007]. For 2 × 0.7W this results in a temperature rise
of (18 ± 3) ◦, which is within the error of the data presented in this work. In this thesis,
however, the linear dependence of the temperature on laser power proposed in [Ebert et al.,
2007] was not confirmed. Furthermore, the measurements presented in this work were
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extended to the cooling during the relaxation phase of a typical stretcher experiment. In
the work of Ebert et al. as well as in this thesis temperatures were measured for an empty
optical trap. As will be discussed in Sec. 5.2, heating in the presence of a cell at 0.7W per
fiber might exceed this temperature by approximately 3 ◦C .
In early Optical Stretcher experiments a CW Ti/Sapphire laser emitting at 785 nm
[Guck et al., 2000] or 780 nm [Guck et al., 2002] was used. The effect of heating in these
measurements was estimated to be negligible as the absorption of cells around 800 nm
is minimal. The employed Ti/Sapphire laser was difficult to adjust and its coupling into
an optical fiber was unstable. Since the development of the µOS Ytterbium fiber lasers
with a wavelength of 1064 nm have been used, as they are much more reliable and easier to
handle [Lincoln et al., 2007]. However, the absorption coefficient of water at a wavelength
of 1064 nm is more than 6 times higher than around 800 nm [Kou et al., 1993]. Attempts to
construct a 800 nm µOS have not been successful so far, as no fiber lasers stably emitting
with sufficient power at this wavelength are available on the market.
Experiments on cells trapped at various powers and for different time durations re-
vealed that under normal experimental conditions with laser powers under 1.0W per fiber
no significant decrease of cell viability is expected [Wetzel et al., 2011]. It is, however,
obvious that temperature changes of almost 10 ◦C can have an impact on the measured
mechanical properties. In recent experiments the effect of heating and that of the stress
exerted in the µOS could be decoupled. By the use of a setup with two additional lasers at
a distance of several µm, that heated the trap region independently of the stress exerting
lasers, it was shown that cells soften significantly at higher temperatures and that they
follow a time-temperature superposition [Kießling et al., 2012].
In view of these results, it is important to create experimental conditions which en-
sure that no artifacts due to temperature effects occur. In the experiments presented in
this thesis, utmost care was taken to produce comparable conditions for the different ex-
periments. The temperature of the setup was tightly regulated during the measurements.
Furthermore, the experiments were not performed on different cell lines that might have
deviating heat responses. Owing to this precautions, reliably and reproducible differences
in strain data for cells treated with various Ca2+ manipulating agents could be obtained.
5.1.2 Influence of Heating on Ca2+ Imaging
All measurements of intra-cellular Ca2+ presented in this thesis reveal an almost instanta-
neous drop of the fluorescence intensity when the laser power is increased. The reason for
this change in intensity is, however, not a true change in intra-celular Ca2+ concentration
but can be associated with a temperature dependence of the Ca2+ dye Fluo-4. According
to measurements of Woodruff et al. the maximum fluorescence of the Ca2+ dye Fluo-4
decreases up to one third when the temperature is increased from 20 ◦C to 37 ◦C. Other
Ca2+ dyes show a similar temperature response [Woodruff et al., 2002].
In this thesis it was shown that even if the Ca2+ dye was saturated inside the cell due to
constant influx of Ca2+ through the membrane induced by the ionophore ionomycin, laser
activation had an effect on the fluorescence intensity. The fluorescence intensity directly
followed the applied laser pattern. Together with the known temperature dependence of
the brightness of the used dye and the results on the temperature dynamics these experi-
ments prove that decreasing intensities due to heating overlay the observed Ca2+ signals.
5.2 HEK293-TRPV1 Cells in the µOS 87
A correction of the effect on Fluo-4 based on the measurements of Woodruff et al.
was, however, not possible. On the one hand this would require the knowledge of the
exact dye concentration. The dye uptake depends on many factors, it varies from cell
to cell and even between different compartments within the soma of one cell. A second
difficulty posed the finding that the paper by Woodruff et al. was not entirely consistent.
While the fact, that the fluorescence intensity decreases with increasing temperature could
be shown clearly, the mathematical description was not consistent in itself and turned out
to contradict the presented data from the measurements. Unfortunately the authors did
not answer a request for clarification. The circumstance that the dye intensity drops with
increasing laser power due to the heating effect had, thus, to be taken into consideration
when interpreting the measurements of Ca2+ influx discussed in the next section.
5.2 HEK293-TRPV1 Cells in the µOS
Despite the difficulties coming along with laser induced heating in the µOS, this circum-
stance offers a unique possibility: the measurement itself can trigger pronounced Ca2+
signals by activation of temperature sensitive ion channels. In this sections the effect of
laser induced heating in the µOS will be discussed, demonstrating that the TRPV1 trans-
fected HEK293 cell line provides an excellent system for the investigation of Ca2+ signals
in the µOS.
5.2.1 Heating in the µOS Activates TRPV1
During measurements with the µOS pronounced Ca2+ signals in TRPV1 transfected
HEK293 cells were observed. To ensure that heat activated the ion channel and not an
effect of the laser photons, cells were placed approximately 20 µm under the trap region.
The beam width was estimated to be (8.1 ± 0.6) µm, hence the cell was out of the re-
gion of direct laser radiation. A power per fiber of 0.7W did not result in a Ca2+ influx,
however, at 1.0W the intra-cellular Ca2+ level rose significantly. Ebert et al. showed that
the equilibrium temperature in the vicinity of the trap is lower than in its center [Ebert
et al., 2007]. Assuming that the temperature inside the trap at 0.7W is just large enough
to provide enough energy for a considerable channel opening, for a cell in the vicinity a
higher power is expected to be necessary in order to produce a visible Ca2+ influx. TRPV1
activation in this experiment was reached without direct radiation, it thus proves that the
temperature increase due to the laser radiation is enough to activate the temperature sen-
sitive ion channels in the plasma membrane and that no direct interaction of the laser
photons with the channel is necessary.
Heating of the trap region during a measurement in the µOS was investigated for dif-
ferent laser powers. According to these measurements, for 0.7W per fiber a temperature
of (39 ± 2) ◦C is reached, if the system is at (23.0 ± 0.2) ◦C before the measurement.
TRPV1 channels are known to have the largest open probability at temperatures above
∼ 42 ◦C [Caterina et al., 1997; Savidge et al., 2001]. From the results presented in this
thesis, it can be estimated that a power per fiber slightly above 0.8W would be necessary
to produce a temperature of 42 ◦C in the trap region of an empty trap. However, the heat
developed by 2 × 0.7W turned out to be large enough to trigger a pronounced Ca2+ in-
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flux in nearly every investigated cell. Furthermore, even for 0.5W occasional weak Ca2+
influxes were registered.
There are several possible explanations for the fact that the channel opened. Firstly,
the temperature measured in the setup is the average temperature at the center of the trap,
local heating in regions of a size below the recorded resolution might be slightly larger
than the average value. Secondly, the temperatures were measured with an empty trap.
With a cell inside the trap the light is focused due to the differences in refractive indices.
This leads to a larger light intensity in the center of the laser beam and, thus, to a higher
local temperature. Thirdly, the cell is not completely homogeneous. Organelles and the
nucleus scatter part of the light and the cytosol, densely packed with proteins, might
absorb more than the solution that was used for the temperature measurements consisting
mainly of water. It can be concluded that, despite the lower temperature in an empty
trap, the temperature at the surface of a measured cell during the application of 2 × 0.7W
exceeds the ∼42 ◦C necessary for a channel opening at least locally.
Testing the effect of different laser powers on HEK293-TRPV1 cells loaded with the
fluorescent Ca2+ dye Fluo-4 it was shown that the fluorescence intensity, which reflects the
amount of Ca2+ that enters the cell, increases with increasing laser power. Furthermore,
also for laser powers lower than 0.7W Ca2+ signals were obtained. Local exceeding of
the temperature necessary to open the TRPV1 channel can explain this observation: if the
area where T ≥ 42 ◦C is small, only a few channels are opened. With increasing laser
power the area grows, activating more channels, which can be seen in a stronger Ca2+
signal.
A complementary rather than competing explanation for the same observation is given
by the following argument: the known activation temperature is a result ofa steady state
heating experiments. Under these conditions the existence of a clear threshold varying
less than 1 ◦C between cells has been proven [Savidge et al., 2001]. In these experiments
the activation temperature was determined by heating the sample from 26 ◦C to 50 ◦C
within 10 s. Single channel analyses showed that the ion channel can either be in an open
or closed state [Studer and McNaughton, 2010]. Thus, channel opening is a stochastic
process and elevating the temperature increases the probability of a channel opening event.
A recent study with ultrafast heating by infrared light gave a very precise picture of the
opening kinetics. Already at 40 ◦C a measurable patch clamp current intensity, which is a
measure for the open probability, was observed [Yao et al., 2010]. On the other hand, it is
known that already small Ca2+ currents can induce the release of internally stored Ca2+,
the so called Ca2+ induced Ca2+ release (CICR), that amplifies the signal and leads to a
measurable Ca2+ concentration. CICR have been reported in HEK293 cells [Gromada
et al., 1995]. Taken together, this gives an explanation why temperatures lower than 42 ◦C
can already lead to a significant rise in the intra-cellular Ca2+ concentration.
Assuming that the local heat at the cell membrane opens the channel, the question
arises to what extend the activation temperature is exceeded. To elucidate this issue,
a control experiment was performed in which the temperature of the whole setup was
reduced. It turned out that if the temperature of the setup was kept below (20 ± 1) ◦C
which is 3 ◦C less than for the previously discussed experiments, for most of the cells
no increase in fluorescence intensity during Optical Stretching was observable. Together
with the measured (39 ± 2) ◦C in an empty trap this result provides a limit of (42 ± 3) ◦C
to the local temperature at the cell surface during µOS measurements performed at an
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ambient temperature of 23 ◦C. The maximum of the local temperature in ordinary µOS
measurements with a cell in the trap, hence, might exceed the temperature measured for
an empty trap by roughly 3 ◦C.
It has been shown recently that under normal experimental conditions heating in the
µOS at 1.0W and less does not significantly influence cell viability [Wetzel et al., 2011].
Here, it could be shown that the heating effect in the µOS provides a unique tool to ac-
tivate heat sensitive ion channels triggered by the measurement itself. For the TRPV1
channel activation the laser power could not be reduced, as the open probability decreases
drastically if the required ∼ 42 ◦C are not reached. A higher laser power, in turn, could
harm the cells due to heat shocks [Wetzel et al., 2011]. Cells, transfected with channels
that react to lower temperatures, such as the TRPV3, which opens at temperatures ≥ 33 ◦C
[Dhaka et al., 2006], might provide an access to further studies of the effect of tempera-
ture on the Ca2+ signaling pathway and its influence on cellular functions. This idea was
beyond the scope of the presented work and might provide an interesting aspect for future
investigations.
5.2.2 Ca2+ Release from Internal Stores and TRPV1 Desensitization
To be able to observe Ca2+ influx during the µOS experiments the cells were loaded with
the fluorescent Ca2+ dye Fluo-4 and the fluorescence during three consequent high power
applications was recorded. For all experiments at 0.6W per fiber and above without ad-
ditional drug treatment, the Ca2+ signal amplitudes caused by the second and third laser
pulse decreased systematically. At lower powers and when the intra-cellular Ca2+ was
chelated by BAPTA this phenomenon was not observed. In the absence of influx of ex-
ternal Ca2+ the fluorescence amplitudes decreased for part of the cells but not for all of
them.
The fact that the measurable free Ca2+ concentration rose even if no Ca2+ entered
the cell, because of TRPV1 blockage by RuR or absence of extra-cellular Ca2+, leads
to the conclusion that also Ca2+ from internal Ca2+ stores was released during the µOS
experiment. It is known that TRPV1 channels are expressed in the membrane of internal
Ca2+ stores [Turner et al., 2003], hence, the µOS might also activate these channels. A
combination of the presented findings with more elaborate biochemical techniques offers
various possibilities for future research on processes causing internal Ca2+ releases.
Assuming that the Ca2+ release from internal stores composed part of the measured
signal, consecutive laser pulses could lead to a store depletion, which in turn would be
an explanation for the decreasing intensity amplitudes. A closer look, however, revealed
that not all of the cells exhibited internal Ca2+ release. Furthermore, some cells exhibiting
release from internal stores showed higher Ca2+ levels during the second or third laser
pulse. These observations contradict the hypothesis that internal Ca2+ release explains the
decreasing amplitudes: firstly, all cells with influx of external Ca2+ showed the decreasing
fluorescence amplitudes, but not all cells exhibited the same internal store release. Sec-
ondly, if this was the correct explanation, also rises in the amplitude should be observable,
which is not the case for any of the experiments with more than 0.6W per fiber.
In the presence of extra-cellular Ca2+ TRPV1 channels are observed to desensitize
upon stimulus by agonists and heat [Caterina et al., 1997; Tominaga et al., 1998]. This
desensitization can explain the fluorescence intensity amplitude decrease for consequent
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stretching power applications in the µOS. Channels that are activated during one pulse
have a lower probability to open during the second pulse. At low temperatures, i.e. at
powers of 0.5W and below, only very few channels are activated and stochastic variance
is expected to exceed the desensitization effect. At temperatures produced by 0.6W to
0.8W a pronounced desensitization for consequent stretches can be seen by the decrease
in amplitudes of consequent laser pulses.
Starting at 1.0W per fiber, the intensity increase was very steep at the beginning of
the stretch phase, followed by a decrease in intensity already during the stretch phase
that looks similar to the intensity decrease, observable during the relaxation phase. The
desensitization reaction of a large fraction of the TRPV1 channels was obviously fast
enough that already during the laser pulse no further Ca2+ entered the cell and the decay
of the signal due to pumping processes started. For 1.2W no second and third Ca2+
elevation was visible indicating that almost all channels were desensitized.
For some of the cells in which the internal Ca2+ was elevated due to release from
internal stores, i.e. in cells with blocked TRPV1 channels or in the experiments with-
out external Ca2+, the fluorescence amplitude did not decrease for consequent stretching
power application. In the light of the previous arguments, the reason might be a release
of Ca2+ from internal stores via a process that is not desensitizing. The channel blocker
RuR does not enter the cells and hence cannot block channels that are expressed in inter-
nal membranes. Hence TRPV1 activation might still lead to internal Ca2+ release. In cell
suspended in CfIB the absence of external Ca2+ leads to a partial store depletion on the
long run, decreasing the amount of Ca2+ available for internal releases. If the amount of
Ca2+ entering the soma is not enough to establish a sufficiently high Ca2+ concentration
to initiate desensitization, a second pulse will produce an equal probability of a Ca2+ flux.
Furthermore, the intensities in these experiments were lower than with influx of external
Ca2+. At such low numbers of activated channels the stochastic variances can be expected
to overwhelm a weak desensitization effect. A closer investigation of the impact of inter-
nal store releases on cellular mechanics might be an interesting additional application of
the presented method.
5.2.3 Effect of Applied Drugs on Ca2+ Signaling
Cells loaded with the chelator BAPTA did not show a systematic decrease in fluorescence
amplitudes of the Ca2+ dye during consequent stretching power applications. The fluores-
cence signal decayed much slower than observed in BAPTA-free experiments. BAPTA
and also the dye Fluo-4 act as chelators, i.e. they bind the entering Ca2+ ions, not permit-
ting them to reach internal Ca2+ sensors or the pumps reducing the Ca2+ level. Hence,
pumping of Ca2+ out of the cell, desensitization, and depletion of internal stores are hin-
dered. This explains the slower decay of the signal and the constant amplitude for sub-
sequent stretches. These experiments confirm that co-loading with BAPTA and Fluo-4
hindered Ca2+ to reach its destination inside the cell. Chelating the internal Ca2+ with
BAPTA affects both the Ca2+ released from internal stores, as well as the ions entering the
soma via the plasma membrane.
In chelator-free experiments a decay of the signal started after the end of the stretch.
For an active pumping process the ion flux due to pumping is proportional to the amount
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of Ca2+ ions present in the soma. The decay is thus expected to be exponential in first
order. The chelating capacity of the dye, however, slows down the Ca2+ extrusion. The
Ca2+ ions bind transiently to the relatively large Fluo-4 molecules which diffuse much
slower through the cell than free Ca2+ would [Schmidt et al., 2003].
If additional to the chelation of the Ca2+ signal by BAPTA and Fluo-4 the TRPV1
channel was blocked by RuR no rise in fluorescence intensity was observable. Only the
effect of the temperature on the background fluorescence remained. This gives evidence
that no measurable amount of Ca2+ entered the cell.
Taken together, the HEK293-TRPV1 cells, provide an excellent model system for the
investigation of the influence of Ca2+ signals on the mechanical properties of the cells. The
heat developed by the lasers of the µOS open the TRPV1 channel and therefore trigger
a massive Ca2+ influx during the measurement. Application of adequate drugs, namely
RuR and BAPTA, can be used to inhibit the Ca2+ signal. The transfections of the TRPV1
channels into HEK293, hence, equips the cells with a controlable switch for Ca2+ entry.
5.3 Influence of Ca2+ on Cellular Mechanics
Ca2+ is one of the most important second messengers in biological cells and is involved
in numerous physiological processes. In this section the obtained results with the model
system HEK293-TRPV1 will we be used to elucidate the influence of Ca2+ on cellular
contractions. The strengths and limits of the phenomenological model used to quantify
the contractility will be discussed and consequences of contractility on the distributions
of the mechanical property parameters are presented.
5.3.1 Mechanisms of Cellular Contractions
A number of cells showed pronounced contractions throughout the length of the cell when
subjected to the optically induced surface forces in the µOS. This process was shown to be
in part dependent on influx of external Ca2+ through the plasma membrane of the investi-
gated cells. Blocking Ca2+ influx and suppressing internal Ca2+ signal propagation had a
significant influence on the cellular strain, however, they did not inhibit the contractions
entirely. These findings indicate that contractions in the investigated cells are triggered by
more than one mechanism.
In search of the origin of the observed whole cell contractions, processes that produce
forces on molecular scale have to be considered. Myosin motor induced contractions have
been in the focus of many studies on cellular activity. Myosin was shown to be involved in
steering of cell migration [Beningo et al., 2006] and endothelial retractions [Wysolmerski
and Lagunoff, 1990]. In reconstituted systems it could be shown to cause contractions at
certain cross-linker concentrations [Bendix et al., 2008] and reproduction of contractile
behavior could be reached by theoretical description of active gels consisting of filaments
and motors [Liverpool et al., 2009]. Ca2+ is known to be an important messenger in the
activation pathway of smooth muscular and non-muscular myosin. It binds to calmodulin,
forming a Ca2+/calmodulin complex which activates MLCK. The activity of the myosin
motors is determined by the balance of activated MLCK and MLCP: MLCK phosphori-
lates the myosin regulatory light chain, whereas MLCP dephosphorilates it [Fukata et al.,
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2001; Somlyo and Somlyo, 2003]. The involvement of Ca2+ dependent myosin activation
in the generation of non-muscular contractions has been confirmed in experiments with
beads attached to the cytoskeleton that were manipulated by magnetic tweezers [Koll-
mannsberger et al., 2011].
Several contractile processes independent on motor activity have been described in the
literature. Depolymerization of MFs can be induced by Ca2+-regulated actin-modifying
proteins, such as villin, gelsolin, and severin [Kumar et al., 2004; Larson et al., 2005;
Walsh et al., 1984]. This in turn, can lead to contractions of the cell. Enthalpic contribu-
tions of the attractive interactions lead to contractile forces whereas entropic contributions
to the free energy of the material favor an expansion of the material. If this force balance
is shifted by depolymerization under the condition that monomers can freely diffuse away,
the material contracts to reestablish the equilibrium density [Sun et al., 2010].
Also Ca2+ regulated depolymerization of MTs generates considerable amounts of
forces. Exposure of MTs to free Ca2+ has been shown to induce depolymerization
[Salmon and Segall, 1980] which directly leads to force generation [Grishchuk et al.,
2005; Molodtsov et al., 2007]. Moreover, according to the tensegrity model, the MTs
provide the load bearing structure that counteracts contractile pre-stress e.g. caused by the
action of molecular motors [Ingber, 1997; Wang et al., 2001b]. According to this model, a
depolymerization of the load bearing MTs leads to a contraction of the whole system. The
pre-stress is believed to be induced mainly by myosin motors, hence, this model predicts
myosin independent and myosin dependent contributions to cellular contractions.
During cell spreading on stiff substrates contractile forces arise from slow formation
of actin stress fibers. The forces during this process have been measured by micro-plate
rheology studies [Thoumine and Ott, 1997]. The forces build up in the order of hun-
dreds of seconds and are dependent on the formation of adhesions on the micro-plates.
It is evident, that their origin lies in a different effect than the fast, adhesion independent
contractions observed in the experiments described in this thesis.
The phenomenological mathematical model presented in this work is able to quantify
the overall force that the cell exerts on its surface. It does not give a direct access to
the microscopic mechanisms leading to cellular contractions. This, in turn, opens the
possibility for an unbiased view on force generation, without any a priori assumption on
its molecular origin and thus allows to investigate the influence of different mechanisms
and mechano-activation pathways. Adequate drugs can be used to manipulate specific
processes in the cell in order to elucidate their influence. The molecular motor myosin can
be inhibited by ML-7 or blebbistatin, MFs can be disrupted or stabilized by cytochalasins
or jasplakinolide and the application of nocodazole and taxol can be used to control MT
stability. In this thesis the applicability of the model was shown for the influence of Ca2+
signal inhibition on cellular stress-strain behavior and the generation of contractile forces.
This shows that the method to analyze the data provides a powerful tool to evaluate the
effect of specific molecular processes on cellular contractions.
5.3.2 Applicability of the Model
To quantify the observed whole cell contractions, a phenomenological mathematical
model describing the cellular strain upon external stress was developed. To this end,
the general constitutive equation for a linear viscoelastic material was approximated by
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the leading terms of its Taylor expansion and a linear term accounting for the first order
of active contractile forces exerted by the cell was incorporated. This approach allowed
to develop an analytic expression for the stress-strain relation of the cell.
In the light of known non-linear responses of cells, it remains surprising, that this
approximation – up to second order in the passive material properties and linear in the
active component – provides reliable results. When measured with microplate rheology
[Ferna´ndez and Ott, 2008; Ferna´ndez et al., 2006] or magnetic twisting cytometry [Koll-
mannsberger et al., 2011; Wang et al., 1993] cells show pronounced non-linear stress-
strain relations. In reconstituted biopolymer systems stress-stiffening responses were ob-
served under deformation depending on filament stiffness, filament density and concentra-
tion of cross-linkers [Gardel et al., 2004; Xu et al., 2000]. The addition of active molecular
motors [Broedersz and MacKintosh, 2011; Mizuno et al., 2007] or small concentrations of
stiffMTs [Lin et al., 2011] amplified the non-linearity of the material response. However,
it was shown by Wang et al. that for bead experiments the non-linear response depends on
the specific binding properties of the beads [Wang et al., 1993]. While experiments with
beads bound to receptors that are not associated with focal adhesion formation resulted
in linear stress-strain responses, forces applied to beads specifically bound to β1 integrins
led to a stress-stiffening.
Despite the known non-linear responses of cells in other contexts, in the experiments
presented in this work the phenomenological mathematical model permitted to distinguish
between active and non-active cells and enabled to quantify the activity. As the model does
not require any assumption on the underlying mechanisms of the contractions it allows an
unbiased view on their origin. The strain of the cell in the presented experiments did not
exceed 6%. In contrast to experiments with attached beads the force in the µOS is not
applied to specific focal adhesion complexes but is continuously distributed over the cell
surface such that no high local strains are expected. Hence, the material does not largely
exceed the viscoelastic limit and the assumptions underlying the model are valid.
At times slightly below t=5 s, which was the duration of the stretch phase, a devi-
ation between fitted model and the measured strains became obvious. A reason might
lie in plastic effects which cannot be covered by the mathematical model. Plasticity can
be caused e.g. by the breakage of cross-links during the cause of the experiments. The
influence of plasticity is expected to augment with time. To account for the increasing de-
viation the fits were weighted with the inverse square of the interquartile distance, which
also grew with time as the strain distribution became broader. This assured accurate fitting
at the beginning and revealed a slight deviation between the experiment and the theoretical
description towards the end of the experiments. Whereas for longer measurement times
the theory will break down at some point, it provides an accurate description within the
measurement errors for the experiments presented in this thesis.
To derive the phenomenological mathematical description it was assumed that the ac-
tive cellular force terminates immediately as soon as the external stress ceases. Predicting
the course of the stress-strain relation with this assumption revealed a clear quantitative
as well as qualitative deviation between model prediction and experiment. Conversely,
this means that the strained cell does not relax passively but is driven by active forces
exerted by the cell. An incorporation of this process into the relaxation phase of the phe-
nomenological mathematical description would either require a closer knowledge about
the relaxation processes or, in the case of a simple approximation, further fit parameters.
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While most of the measured strain curves could be fitted by the presented theory in
some cases the descriptive model failed to provide reliable information. For strain data
that could not be reliably fitted by the algorithm as the fit parameters diverged, the fol-
lowing two reasons could be identified. For cells with very small deformation, e.g. caused
by a compensation of external and internal stress, the recorded strain was in the order of
magnitude of the measurement uncertainty. The second reason that impeded fit parame-
ter convergence was a local minimum several seconds after the beginning of the stretch
phase. For these cells it can be assumed that the linear approximation of the active cellular
stress does not sufficiently describe the real case. In these cells the higher order terms of
the cellular strain leading to a decay of the stress exceeded the constantly increasing linear
term that was included in the model. This led to a positive derivative of the strain towards
the end of the stretch phase, which cannot be covered by the model. For most of the cases
in which such a deviation from the model occurred it could be accounted for by the earlier
mentioned weighting of the fits with the inverse square of the interquartile distance. If the
effect was very pronounced the fitting failed to accurately describe the strain curve and
the parameters diverged. If the correlation parameter r2 that describes the quality of the
fit was lower than 0.7 or the parameters diverged due to one of the two reasons mentioned
above the cell was excluded from the analysis. For most of the cells, 88.5%, the fitting al-
gorithm resulted in reasonable and reproducible results and the phenomenological model
was a sufficiently good approximation to quantify the activity.
5.3.3 Strain Distributions
The distributions of the strain in the presented experiments depended on the drug treat-
ment and, hence, on the activity of the cells. While strain distributions of cells without
treatment showed a long tail to the right, i.e. a negative skewness, with increasing Ca2+
blockage the distributions turned more and more to a positive skewness.
In early works with the µOS, Gaussian distributions were fitted to the strain data dis-
tributions and a Student’s t-test, which also relies on the assumption of a Gaussian dis-
tribution, was applied to assess the significance of the measured differences [Guck et al.,
2005]. A number of measurements with a variety of methods have observed power-law
rheological behavior of cellular elasticity [Desprat et al., 2005; Fabry et al., 2001; Hoff-
man and Crocker, 2009; Icard-Arcizet et al., 2008; Yamada et al., 2000], this implies a
log-normal distribution for the strain [Fabry et al., 2001; Hoffman et al., 2006]. These
fixed strain distributions are in strong contrast to the results of the presented thesis: here,
even for one cell type the distribution was changed when the pathways controlling the ac-
tivity were targeted by adequate drugs. This finding suggest that part of the origin of the
distributions’ skewnesses originates from active contributions of the cell to its stress-strain
response.
The discussion, whether suspended cells follow the power-law rheological predictions
is still ongoing [Maloney et al., 2010; Wottawah et al., 2005a,b]. In most of the previous
µOS experiments cells were measured for 2 s and visible contractions were not reported.
Measurements with a stretch phase of 5 s as presented in this work, reveal contractions
even for cells without additional Ca2+ influx. The mathematical description predicts an
early onset of these contractions. For shorter experiment times this will not result in visi-
ble contractions, it may, however, drastically influence the curve shape. This could close
5.3 Influence of Ca2+ on Cellular Mechanics 95
the gab between the power-law rheological predictions and the data obtained for single
suspended cells. The introduced model reveals that passive cell strain might be superim-
posed by contractile contributions. The influence of contractility, even in measurements
that seemingly can be described with passive viscoelastic approaches, may lead to misin-
terpretation and erroneous material properties if not carefully considered in the analysis.
The absence of a fixed general distribution for the measured strain data necessitates the
search for adequate methods for statistical analysis of the data. In this work the Wilcoxon
rank sum test, a non-parametric statistical hypothesis test, [Mann and Whitney, 1947] was
utilized to evaluate whether two strain distributions differ significantly. The median, in-
stead of a the mean, which is very sensitive to outliers, was used as characteristic number
to compare the distributions. An uncertainty of the median was obtained calculating the
95% CI with the bootstrapping method [Efron and Tibshirani, 1994], again a statistical
method that does not rely on a priori knowledge of the type of data distribution. Skewed
distributions play also an important role in primary cells e.g. in the incremental devel-
opment of cancer cells in the vicinity of normal tissue, in which the strain is believed
to depend on the degree of metastatic transformation and in specific experiments on drug
application. The presented set of statistical tools provides a potent method for the analysis




Understanding the principles of active soft matter, which can be found in a wide variety
of biological systems, is a vital field of current investigations. Contractility constitutes
an interesting aspect of this kind of materials and is relevant for many physiological pro-
cesses such as cellular contractions in wound healing [Bement et al., 1993; Tamada et al.,
2007] embryonic development [Jacinto et al., 2000; Martin et al., 2009] and cell migration
[Beningo et al., 2006; Lo et al., 2004]. By examining the influence of Ca2+ on contractility
in cells this thesis contribute to a more detailed knowledge about these processes. The in-
sight that cells contract without the involvement of attachments to other cells or a substrate
[Gyger et al., 2012] sheds new light on mechanisms involved in cellular contractions.
HEK293 cells transfected with the TRPV1 ion channel were shown to provide an ex-
cellent model system for the investigation of the influence of Ca2+ on cellular mechanics.
The heating inside the trap at the used laser powers does not significantly affect cellular
viabilty [Wetzel et al., 2011]. It could be shown in this work that the temperature increase
during an µOS measurement is, nevertheless, sufficient to open the temperature sensitive
TRPV1 ion channel triggering a massive Ca2+ influx during the measurements [Gyger
et al., 2011]. A combination of fluorescent Ca2+ imaging in the confocal laser scanning
microscope with Optical Stretching experiments demonstrated that the Ca2+ influx is in-
hibited by the channel blocker RuR and that signal propagation can be manipulated by
the action of the chelator BAPTA. The µOS probes the mechanical properties of the cells
while the TRPV1 channel provides a tunable switch for Ca2+ entry [Gyger et al., 2011].
Thus, results on the mechanical properties of the cells with and without Ca2+ signaling
can be compared directly.
In these experiments a number of tested cells actively contracted against the exter-
nal optically induced surface forces. Contractions of this kind, without any involvement
of focal adhesions or other attachments to substrates and neighboring cells, have been
observed in this work for the first time [Gyger et al., 2012]. With the aid of the TRPV1
transfected HEK293 cells it could be shown that these contractions depend in part on Ca2+
signaling pathways [Gyger et al., 2012]. A phenomenological mathematical model was
developed that included the active contractions. This approach allowed to identify active
cells and quantify their activity [Gyger et al., 2012].
The distributions of the cellular strain obtained by these measurements did not obey
a fixed general distribution but were shown to depend on the cellular activity. To over-
come the difficulties in judging the significance of measured differences twomethods were
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proposed: first, the parameter free Wilcoxon-rank-sum test was applied to see if the dis-
tributions are significantly different. Secondly, the bootstrapping method was employed
to calculate a confidence interval for the median of the distributions [Gyger et al., 2012].
In recent investigations on the deformability of primary cancer cells and cancerous cell
lines it was shown that also their strain distributions are neither Gaussian nor log-normal
distributed but have a long tail towards the left [Wetzel et al., in preparation]. The sta-
tistical methods proposed here can help to assess the significance of differences for such
findings.
Numerous studies showed that cancer cells tend to have an increased deformability
compared to normal tissue cells [Cross et al., 2007; Lekka et al., 1999; Lincoln et al.,
2004]. However, recent research on cancer progression indicated a relation between con-
tractility and metastatic aggressiveness [Jonas et al., 2011; Mierke et al., 2008]. In sum
these findings indicate the necessity of approaches that are able to distinguish between
cellular deformability and the effect of active contractions in the cell. By incorporation
of cellular contractility the presented phenomenological mathematical model provides a
method that is able to characterize the contractility of suspended cells independently of
their deformability [Gyger et al., 2012].
To conclude, the results of this dissertation show that cellular contractions can be
found in single suspended cells, i.e. without direct involvement of adhesions to substrates
or neighboring cells. The introduced model reveals that passive cell strain might be su-
perimposed by contractile contributions. The influence of contractility, even in measure-
ments that seemingly can be described with passive viscoelastic approaches, might lead
to misinterpretation and erroneous material properties if not carefully considered in the
analysis. The findings demonstrate that active processes are a quintessential part of the
cell’s mechanical signature; understanding and quantifying them might pave the way for
better mechanical phenotyping of cells in future investigations, diagnosis and therapy.
Chapter 7
Outlook
The results and methods presented in this thesis provide insight into adhesion independent
cellular contractions and the influence of Ca2+ on the mechanics of single suspended cells.
From the presented findings a number of experiments providing further insight into the
topic can be deduced. These ideas will be outlined in this section.
As mentioned in Sec. 2.1.2, the main candidates for cellular force generation are poly-
merization, depolymerization and myosin motor activity that contracts the MFs cortex un-
derneath the cell membrane. Myosin motors can be blocked by the application of ML-7,
a drug that inhibits MLCK and, thus, interrupts the Ca2+ dependent motor activation cas-
cade [Makishima et al., 1991]. Investigating the hypothesis that this interruption should
have the same effect as blocking the signal cascade at the level of the Ca2+ ions, pre-
liminary results with HEK293-TRPV1 cells and 1 µM ML-7 have been obtained. These
results are preliminary in the sense that they still lack the revision of their reproduciblility.
As expected, the ML-7 application resulted in a comparable increase in the cellular strain
as Ca2+ signaling inhibition. In the case of ML-7 application the number of non-active
cells increased only slightly while the contractions of cells that showed an activity be-
came weaker. This led to an overall median of the strain that was comparable to when
Ca2+ signaling was interrupted. However, the distributions of the activity parameter A
differed. The effects of both approaches were hence similar but not completely equiva-
lent. In both cases, Ca2+ signal interruption and MLCK inhibition, contractions are not
blocked completely. This indicates a second, Ca2+ independent mechanism that leads to
contractions.
Measuring the mechanical properties with the µOS in combination with the quantifi-
cation by the phenomenological mathematical model is a powerful tool for mechanical
phenotyping of cells. It can be utilized to evaluate the influence of other possible mecha-
nisms influencing contractions in the cell. The cytoskeletal elements can be manipulated
by adequate drugs to elucidate their role in the contractile apparatus. MFs are destabilized
by drugs, such as latrunculin A and B or cytochalasin D [Morton et al., 2000; Wakatsuki
et al., 2001]. In combination with blockage of myosin motors, e.g. by ML-7, such exper-
iments will allow further insight into the question whether depolymerization of actin can
lead to contractile forces without the involvement of myosin motors as proposed by the
group of C. W. Wolgemuth based on theoretical considerations [Sun et al., 2010].
Furthermore, it has been shown in vitro that MTs depolymerization can result directly
in force production [Grishchuk et al., 2005; Molodtsov et al., 2007]. Theoretical consid-
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erations and measurements show that MTs stabilization seems to have no major effect on
the compliance of cells when pulling with the µOS [Ananthakrishnan et al., 2005; Laut-
enschla¨ger et al., 2009]. However, MTs have an effect on the relaxation after the stretch
phase when measured in the µOS. The tensegrity model proposes that MTs provide a load
bearing structure counteracting contractile tension [Ingber, 1997; Wang et al., 2001b].
MTs depolymerization will, in the framework of this model, lead to a contraction of the
cells. Measuring the cellular compliance with the µOS while determining the activity
with the presented model in conjunction with the MTs depolymerization by nocodazole
[Vasquez et al., 1997] or stabilizing it with taxol [Torres and Horwitz, 1998] provides a
method to investigate the role of MTs in the force production inside a living cell.
In the same context the combination of µOS and fluorescence imaging in the CLSM
can be used to visualize the processes in the cytoskeleton during the µOS measurement.
Restructuring of MFs and MTs can be made observable by fluorescently labeling the
cytoskeletal proteins. This approach could also help to understand cytoskeletal changes
during cancer progression [Fritsch et al., 2010; Mierke et al., 2008].
In the presented study the HEK293 cells transfected with the TRPV1 ion channel
which opens at temperatures above 40 ◦C were used. HEK293 cells with other ion chan-
nels such as the TRPV3, which opens at T ≥ 33 ◦C [Dhaka et al., 2006], are available.
Such a system allows measurements with other temperature characteristics and can be
used for further studies of the influence on temperature on Ca2+ dependent cellular con-
tractions.
In a recent Nature Outlook article on mechanical aspects of cancer it was stated that
mechanics is too fundamental in life to be not involved in cancer development [Joni-
etz, 2012]. However, today’s research on the mechanical mechanisms involved in tumor
growth and metastasis formation barely touches the understanding of the underlying con-
cepts. Even though it is still a long way to go to develop therapeutic application and
diagnostic tools, fundamental research, as presented in this dissertation, might play an
important part in the fight against cancer and could therefore have a broad impact on the
future of our society.
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